














The origin of a journey
“...From the Echelons they set course for isle 
of Aithalia, here they scraped off the 
abundant sweat of their toil with pebbles, 
these still litter the beach, variegated in 
color, with their quoits and heroic 
detritus, in the harbour that is known 
today as the bay of Agro...”
 
(Apollonios Rhodios; Book IV, 654–658)
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Lo studio delle tempistiche e delle modalità di messa in posto di intrusioni ignee poco 
profonde può contribuire alla comprensione del legame tra processi vulcanici e plutonici 
(Bachmann et  al., 2007) ed in particolare se i corpi intrusivi possano essere considerati o 
meno delle vere e proprie camere magmatiche. Nonostante una ricca messe di dati 
multidisciplinari indicanti come i corpi ignei spesso crescano tramite inspessimento 
incrementale di un livello tabulare per successiva aggiunta di pulsi di magma (Cruden and 
McCaffrey, 2001; McCaffrey and Petford, 1997; Menand, 2008; Rocchi et al., 2002; Saint-
Blanquat et al., 2001), gli Autori non sono ancora in accordo sulle modalità di messa in posto. 
L’obiettivo primario di questo progetto di dottorato è quello di fornire un contributo alla 
comprensione delle modalità di alimentazione e di crescita di intrusioni tabulari di varia 
composizione messe in posto a modesta profondità (< 3-4 km) tramite lo studio delle strutture 
interne, che hanno il potenziale di registrare le direzioni di flusso del magma, ma anche 
tramite l’analisi delle strutture sviluppatesi al contatto tra magma ed incassante. Lo studio del 
fabric interno per ricostruite le dinamiche di messa in posto è stato effettuato in due corpi 
intrusivi della Provincia Magmatica Toscana: il laccolite di San Martino (Elba occidentale-
centrale) ed il laccolite lamproitico di Orciatico (provincia di Pisa).  L’integrazione dei dati 
raccolti nei due corpi può fornire una visione ampia del problema della messa in posto di 
corpi subvulcanici in quanto offre la possibilità di confrontare dati riguardo intrusioni a 
diversa composizione, profondità di messa in posto e dimensioni.  Le strutture al contatto con 
l’incassante sono state studiate sia nel laccolite di San Martino sia nel laccolite di Portoferraio 
(Elba centrale). I due corpi infatti permettono di valutare strutture formatesi al contatto con 
incassanti con caratteristiche contrastanti.
Il laccolite di San Martino è un corpo intrusivo di composizione monzogranitica ed è 
caratterizzato dalla presenza di megacristalli di K-feldspato e da forte alterazione idrotermale 
e superficiale.  E’ costituito da 3 layer (diametro circa 8.3 km, spessore cumulativo  circa 700 
m, profondità di messa in posto tra 1.9 e 2.6 km a 7.4 Ma; Rocchi et al., 2002). Associati ai 
principali corpi tabulari, originariamente sub-orizzontali, si trovano dicchi sub-verticali 
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interpretabili come condotti di alimentazione. Il laccolite di Portoferraio ha una composizione 
sieno-monzogranitica ed è caratterizzato dalla presenza di fenocristalli di K-feldspato (max 2 
cm). E’ costituito da 4 principali livelli tabulari con forma (ricostruita) circolare e diametro di 
circa 10 km, uno spessore cumulativo di circa 800 m ed una profondità di messa in posto 
variabile  tra 2.9 e 3.5 km (Rocchi et al., 2002) avvenuta intorno a 8 Ma (Dini et al., 2002).  Il 
corpo intrusivo di Orciatico è un laccolite affiorante in Toscana continentale (Pisa). 
L’intrusione a composzione lamproitica è di piccole dimensioni (lunghezza massima 0.6  km; 
spessore max 50 m) ed è caratterizzato dal corpo laccolitico principale e da un dicco 
alimentatore ed è stata messa in posto ad una profondità di circa 50 m a 4.1 Ma.  
La geometria, la storia di messa in posto e l’evoluzione tettonica dei corpi sopra descritti sono 
abbastanza  definite (Rocchi et al. 2002; Stefanini, 1934), mentre le modalità di riempimento 
e di crescita non sono ancora chiari a causa della scarsità di dati sulla distribuzione spaziale 
dei costituenti minerali nei singoli corpi intrusivi. Tra questi dati, importanti sono le 
osservazioni di terreno, le misurazoni strutturali di foliazioni e lineazioni di minerali e 
l’utilizzo della anisotropia della suscettività magnetica (AMS) (Bouchez, 1997) che fornisce 
informazioni quantitative sull'orientazione dei minerali magnetici. Queste anisotropie 
possono essere interpretate per ricostruire il movimento del magma sia al livello di messa in 
posto sia nei rispettivi condotti di alimentazione. 
Le direzioni di flusso del magma all’interno del laccolite di San Martino e conseguentemente 
il meccanismo generale di messa in posto sono state studiate sia mediante l’analisi di marker 
di flusso quali i megacristalli di K-feldspato (misurati direttamente sul terreno) sia attraverso 
lo studio dell’anisotropia della suscettività magnetica (AMS).  Foliazione, lineazione e 
dimensioni di circa 2500 megacristalli di K-feldspato (con asse maggiore > 2 cm) sono state 
misurate in 50 stazioni  (~50 cristalli per stazione) mentre i campioni per l’AMS sono stati 
raccolti in 150 siti (per un totale di circa 1500 carote) che sono state analizzate con la 
strumentazione AGICO KLY-3s Kappabridge nel laboratorio magnetico della “School of 
Geography, Earth and Environmental Sciences” dell’Università di Birmingham (UK).  Analisi 
termo-magnetiche (suscettività magnetica vs temperatura; strumento CS-3 collegato a 
Kappabridge KLY-3s) hanno mostrato che il portatore del segnale magnetico è di natura 
paramagnetica. L’analisi petrografica al microscopio ottico e al SEM  hanno mostrato che tale 
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fase dovrebbe essere la biotite cloritizzata. Gli esperimenti hanno mostrato anche un minimo 
contributo di minerali ferromagnetici (magnetite) in alcuni campioni.  La foliazione 
magmatica evidenziata dai megacristalli è particolarmente forte mentre la lineazione è 
generalmente poco definita; al contrario i dati AMS hanno evidenziato sia una foliazione 
magnetica molto forte che una lineazione particolarmente definita. Quasi ovunque è stata 
osservata una forte correlazione tra dati AMS e orientazione dei megacristalli; questa 
evidenza suggerisce che l’alterazione idrotermale non abbia generalmente influito sul segnale 
magnetico.  Lo studio del fabric nei dicchi alimentatori ha evidenziato la presenza sia sezioni 
trasversali con fabric “normale” (simmetrica embriciatura dei piani di foliazione vicino ai 
contatti rispetto al piano di simmetria del dicco) indicante un flusso sub-verticale sia sezioni 
con pattern più complessi che potrebbero essere spiegati invocando movimenti tettonici sin-
magmatici  o fenomeni di riflusso.  L’analisi del fabric nel corpo principale ha evidenziato la 
presenza di una possibile alimentazione centrale (probabilmente dal dicco di Marciana) con 
successivo propagazione orizzontale di un magma in espansione sia laterale che verticale con 
disposizione delle particelle ortogonalmente alla direzione di propagazione del magma stesso.
L’assenza di discontinuità interne rafforza l’ipotesi che l’alimentazione sia stata continua o 
che l’intervallo tra pulsazioni successive discrete sia stato tale da rendere possibile la 
coalescenza del magma senza formazione di discontinuità interne.
Le strutture e morfologie presenti al contatto tra magma e roccia incassante sia del laccolite di 
San Martino sia del laccolite di Portoferraio sono state censite al dettaglio. Le strutture sono 
sono state separate in due categorie. La prima categoria consiste in forme geometriche 
specifiche definite dalla morfologia esterna della superifice intrusiva (“waves”, “ropes”, 
“lobes”, “pillows”) mentre la seconda categoria è caratterizzata da strutture legate alla 
deformazione o fratturazione di materiale su entrambi i lati del contatto (“stretching 
lineations” di quarzo e feldaspati, dicchi di materiale brecciato, etc.).  Secondo i risultati di 
questo lavoro, stretching lineations e ondulazioni  si formano in una fase finale del processo 
di messa in posto poco prima dello stop dell’intero sistema. In questo modello, le stretching 
lineations sono parallele al flusso di magma mentre gli assi di onde  sono perpendicolari ad 
esso e quindi costituiscono entrambi indicatori cinematici  della direzione del flusso di 
magma. Molte delle strutture osservate (varie forme di materiale brecciato) suggeriscono la 
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perdita di coesione dell’incassante. Comunque l’assenza di fluidi di poro esclude processi di 
fluidizzazione s.s. (Kokelaar, 1982) e analisi XRD preliminari escludono che processi di 
deidratazione di minearali idrati (serpentino e minearali argillosi) possano avere giocato un 
ruolo primario. E’ quindi plausibile che i fludi responsabili di tali strutture siano di origine 
magmatica e consequentemente che tali stratture si siano formate in una fase molto tardva del 
processo di messa in posto.
Le modalità di alimentazione e riempimento del laccolite di Orciatico sono state studiate 
mediante l’utilizzo dell’AMS (43 siti), i cui dati sono poi stati incrociati con misurazioni fatte 
in campagna sull’orientazione spaziale di vescicole (14 siti) fortemente schiacciate e 
allungate dal movimento del magma stesso. Esperimenti termo-magnetici (T vs suscettività) 
hanno permesso di riconoscere la natura paramagnetica della fase portatrice del segnale 
magnetico (flogopite ed ilmenite) anche se in alcuni campioni sono certamente presenti 
piccole quantità di magnetite. Il fatto che che la foliazione e lineazione magnetica ottenute 
con l’AMS siano sub-parallele alla foliazione e lineazione magmatica ottenuta misurando 
l’orientazione delle vescicole è una evidenza importante del fatto che indipendentemente dal 
portatore del segnale magnetico e dalla presenza di processi di alterazione, il fabric magnetico 
può essere considerato magmatico. L’orientazione del fabric nel dicco alimentatore che si 
estende come un’apofisi nella parte meridionale è stato interpretata come evidenza di un 
flusso di magma generalmente trasversale diretto verso il corpo principale. Inoltre, la 
presenza nella parte sud-est del corpo principale di foliazioni sub-verticali (come nel dicco) è 
stato interpretato come la conferma della continuazione verso nord del dicco alimentatore. La 
presenza di fabric sub-verticali anche nelle parte settentrionale nel prolungamento del dicco 
conferma la continuazione del dicco alla base del corpo principale. Il parallelismo tra fabric e 
contatto superiore nonchè la natura fortemente oblata di tali ellissoidi è stato interpretato 
come evidenza di processi di gonfiamento del corpo principale. E’ stata realizzata anche 
nuova carta geologica largamente soprapponibili a quella proposta da Stefanini (1934) ma 
presenta, come maggiore differenza, il fatto che siano stati riconosciuti non solo un corpo 
principale con forma sill-laccolitica e un dicco ma anche un sottile sill al di sotto del corpo 





The study of subvolcanic and shallow-level intrusions has the potential to unveil the possible 
link between pluton construction and large, silicic eruptionas well as to contribute to the 
comprehension of the evolution of the continental crust, the increase of the petroleum 
prospectivity  in sedimentary basins, the evaluation of the evolution and formation of ore 
deposits  and of geothermal systems.
For the overall process of felsic magma transfer and emplacement in the upper crust, a 
blooming wealth of multidisciplinary data indicate that igneous bodies often grow by 
incremental thickening/inflation of an initially  thinner sheet by the addition of successive 
magma pulses. 
Based on these premises, the aim of this study is to give a contribution to the understanding 
of feeding and growth mechanisms of shallow-level intrusions (less than 3-4 km deep) 
through the study of the emplacement dynamics of some well exposed intrusive bodies within 
the Miocene-Quaternary Tuscan Magmatic Province (TMP): the felsic San Martino and 
Portoferraio laccoliths (central and western Elba Island) and the lamproitic laccolith/sill of 
Orciatico in mainland Tuscany. 
The fabric patterns of late Miocene San Martino multilayer felsic laccolith and its two large 
subvertical feeder dykes (Elba Island, Tuscan Archipelago Italy) has been investigated to 
reveal details about the feeding and growth mechanisms. These intrusive bodies have 
monzogranite composition with prominent sanidine megacrysts set  in an aphanitic 
groundmass affected by hydrothermal alteration and weathering. They were emplaced at a 
depth around 2 km with an estimated filling time in the order of 100 years. The fabric data are 
derived from field measurements of the attitudes of K-feldspar megacrysts (50 sites / 2500 
measurements) and from anisotropy of magnetic susceptibility  (AMS) determinations (150 
sites/1500 cores). Magnetic mineralogy investigations outlined the paramagnetic nature of the 
AMS signal, carried by  chloritized biotite with negligible contribution of ferromagnetic 
minerals. A good correlation between the AMS and K-feldspar is generally  observed, 
suggesting that almost everywhere hydrothermal alteration did not affect significantly the 
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orientation of the magnetic anisotropy.  Sections of the feeder dykes with “normal” fabric 
(internal foliation plane parallel to the walls and imbrication of the foliation close to the 
walls) show sub-vertical flow while other sections present complex fabric pattern that could 
be explained invoking tectonic activity  (as testified by asymmetric fabric) but also backflow 
or cyclic variation of orientation. The AMS data of the main body has evidenced the presence 
of the of a central dike that  fed the main body  with a lateral spreading of the magma as a 
single propagating and inflating pulse where the particles arranged perpendicularly respect to 
the magma displacement direction. The absence of internal discontinuities substantiates the 
hypothesis of continuous feeding of magma injected as a single pulse or as a series of 
coalescing pulses/lobes emplaced fast enough to hamper the development of such internal 
structures.
Felsic porphyritic multilayer laccoliths of the Elba Island Miocene igneous complex offers 
also a wide range of examples of contact features, many  of which constraint magma flow 
direction. The Portoferraio laccolith intruded ~8 Ma at an average depth of about 2.6 km into 
Jurassic serpentinites and overlying Cretaceous flysch while the three main layers of the 
megacrystic San Martino laccolith were emplaced in the Cretaceous host ~7.4 Ma at an 
average depth of 1.9 km. Two main distinctive features has been definite linked to 
“deformation” and “disruption” processes. Features in the first set are defined by deformation 
of external morphology  of intrusive surfaces with formation of folds (waves, lobes and ropes) 
and solid-state stretching lineation. An AMS investigation of samples close to the contact 
with such features has pointed out a strong correlation between the magnetic fabric and these 
features showing that both are flow-related and can be considered good flow indicators but on 
a very local scale. The second set of features is characterized by  disruption of materials on 
one or both sides of the contact with formation of chaotic structures with blocks of rigid host 
and angular porphyry fragments “swimming” throughout the fluidized host. This structures 
suggest the loss of cohesion of the host material and in particular the development of a 
condition in which two fluids of differing viscosity are in contact. The absence of pore fluids 
in the laccolith host rocks excludes fluidization s.s. processes  while preliminary XRD 
analyses have excluded the importance of dehydration processes. It  is therefore plausible that 
fluids responsible of such structures have a magmatic origin and that such processes 
developed in a very late stage of magma emplacement.
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The small Early  Pliocene intrusion of Orciatico (Pisa, Italy), a lamproitic igneous body that 
was emplaced at very shallow depths (ca. 50 m) has been investigated to reveal details about 
the emplacement mechanism and the shift  between vertical and sub-horizontal flow. 
Orciatico intrusion is composed of four units: the main body (maximum axis  ~ 600 m, mean 
thickness ~ 50 m); a subvertical dike (length ~ 300 m, width ~ 5-15 m); the connection zone 
between the dike and the main body, containing blocks of stoped host rock and roof pendants; 
a thin sill extending northward (maximum axis ~ 500 m; thickness ~ 5). The internal fabric of 
the laccolith has been studied by  means of the anisotropy of magnetic susceptibility (AMS) 
technique (43 sites / 430 cores).  The comparison of AMS results with the measured vesicle 
attitude (14 stations; particularly abundant in the dike and at the main body  contact) 
strengthens his validity. The magnetic mineralogy, investigated with heating/cooling 
experiments, is dominated by paramagnetic phases (iron-rich phlogopite) with very minor 
ferromagnetic phases (ti-magnetite and ti-maghemite). Fabric data suggest that the intrusion 
was feeded laterally by the dike bordering the main body and that  the growth is probably 
related to a simple inflation model after the propagation of a sill.
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Introduction
The origin of granites and intrusive rocks has been widely  discussed for a couple of centuries 
and the way volcanoes work and their magma form has attracted scientists, naturalists and 
common people since the dawn of humankind. However, the link between the “hidden 
kingdom of Pluto” (represented by the plutonic bodies) and “the fiery  realm of 
Vulcano” (represented by the volcanic products) have been partly  overlooked despite many 
attempts during the last half century to bring volcanic and plutonic rocks into a common 
framework (Buddington, 1959; Lipman, 1984; Miller and Miller, 2002; Clemens, 2003; 
Metcalf, 2004; Lipman, 2007).
In particular, an important point in this discussion is that investigations on sub-horizontal 
shallow-level igneous intrusions could have significant bearings on the general understanding 
of large, hazardous eruptions. In fact igneous intrusion can be seen as linked to volcanic 
processes via melt  extraction from granitic mushes or, alternatively, as a process independent 
from plutonic activity  (Henry et al., 1997; Bachmann et al., 2007). Understanding the mode 
of formation and geometry of shallow intrusive bodies, as well as their feeding-replenishment 
histories and geochemical evolution, can provide information on the factors controlling 
whether or not intrusions develop into shallow magma chambers.  Moreover, several recent 
works have indicated that  also the timing of volcanic and plutonic processes are not so 
different since magma feeding in shallow intrusions can be a very fast process (Petford et al., 
1993) and pre-eruptive histories of magma batches can be as long as hundreds of ka (Simon 
et al., 2008). For all these reasons the study of subvolcanic and shallow-level intrusions has 
the potential to unveil the possible link between pluton construction and large, silicic 
eruption.
An unusual but very important aspect of laccolith emplacement is that it could represent a 
direct volcanic hazard (Hacker, 1998). The rapid growth of very shallow intrusions could lead 
to the catastrophic gravitational collapse of portions of the upper flanks with subsequent 
release of pressure on the magma followed by venting of ash flows and lava flows (Hacker, 
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1998) with a mechanism similar to the one happened in the 1980 at Mount St. Helens 
eruption. 
Additionally, the study of magma generation, transport and emplacement could be 
fundamental for other fields of the earth science research as the comprehension of the 
evolution of the continental crust, the increase of the petroleum prospectivity  in sedimentary 
basins (Schutter, 2003), the evaluation of the evolution and formation of ore deposits 
(Ramirez et al., 2006) and of geothermal systems (Wohletz and Heiken, 1986).
For the overall process of felsic magma transfer and emplacement in the upper crust, it is now 
generally  accepted that diapirism and cauldron subsidence are unsatisfactory in explaining 
many of the dynamic aspects of mid-upper crustal pluton emplacement (Petford et al., 2000). 
On the other hand, a blooming wealth of multidisciplinary  data (including field mapping, 
structural geology, mineral chemistry, petrology, geochemistry, gravity, magnetic, and 
anisotropy  of magnetic susceptibility-AMS) indicate that igneous bodies often grow by 
incremental thickening/inflation of an initially  thinner sheet by the addition of successive 
magma pulses (McCaffrey and Petford, 1997; Cruden and McCaffrey, 2001; Rocchi et  al., 
2002), often emplaced as either subvertical (McNulty  et al., 2000) or sub-horizontal sheets 
(Horsman et al., 2005; Saint-Blanquat  et al., 2006; Morgan et al., 2008) and that sheeting in 
granite plutons can be linked to the amalgamation of magma fingers and tongue-like lobes 
(Stevenson et al., 2007; Farina et al., 2010). 
Besides felsic systems, subhorizontal mafic sheet intrusions also constitute a main reservoir 
for magma emplaced in the shallow crust. The occurrence of these intrusions in passive 
margin basins that are heavily explored for hydrocarbons has granted access to a wealth of 
costly  geophysical data (detailed 3D seismic imaging (Thomson and Hutton, 2004) and 
seismic-gravity-magnetic data (Rocchi et al., 2007)). Significant  advancements have been 
thus obtained in the knowledge of the shapes of these intrusions, including the recognition of 
saucer-shaped sills (Polteau et al., 2008). In particular, these detailed studies have highlighted 
the significance of lateral feeding of sills, as well as their internal, multiple tongue-like 
structures (Hansen and Cartwright, 2006; Thomson, 2007). However, magma flow in 
horizontal sheet-like mafic intrusions has still received much less attention than the flow in 
mafic dykes or lava flows. In particular how magma is injected into sills changing its 
propagation from sub-vertical to sub-horizontal is still poorly understood also for the lack of 
works studying horizontal igneous bodies with their own feeder dykes. 
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Introduction
On the other hand, although much of the research on magmatic intrusions has focused on the 
investigation of internal structures useful to reconstruct magma flow direction, some works 
have also investigated marginal features developed at the magma-host contact. In fact 
emplacement of shallow intrusions can produce a variety of contact features (both in the 
igneous rock and in its host), that could be useful to add new informations about the flow 
directions and the “space-making” processes. Some papers have described solid-state 
deformation within the outermost skin of the igneous rock (Horsman et al., 2005; Saint-
Blanquat et al., 2006; Morgan et al., 2008) and other have focused on ropy flow structures in 
vesicles (Liss et al., 2002) or fingered margins and fluidisation structures (Schofield et al., 
2010) but careful descriptions of such features are scattered and regard almost  exclusively 
mafic bodies.
Based on these premises, the aim of this study is to give a contribution to the understanding 
of feeding and growth mechanisms of shallow-level intrusions (less than 3-4 km deep) 
through the study of the emplacement dynamics of some well exposed intrusive bodies within 
the Miocene-Quaternary  Tuscan Magmatic Province (TMP). The TMP was generated as the 
compressive regime of the Apennine mobile belt advanced to the east following the retreat/
roll-back of the west-dipping Adria plate (Serri et al., 1993). The slab roll-back triggered the 
delamination of the upper plate, where an ensialic back-arc developed and propagated 
eastward through time. Associated igneous activity also migrated from west (14 Ma) to east 
(0.2 Ma), producing mantle-crustal mixed and mingled magmas which emplaced as plutonic, 
subvolcanic and volcanic products (Innocenti et al., 1992; Dini et al., 2002; Rocchi et al., 
2003; Bertini et al., 2006).
The TMP intrusive sheets investigated in this work are represented by  the felsic San Martino 
and Portoferraio laccoliths (central and western Elba Island) and the lamproitic laccolith/sill 
of Orciatico in mainland Tuscany.
The San Martino laccolith (7.4 Ma) and its subvertical feeder dykes have a monzogranite 
composition and their main feature is the presence of prominent sanidine megacrysts set in an 
aphanitic groundmass (Dini et al., 2002; Rocchi et al., 2002). The slighty older Portoferraio 
laccolith (7.9 Ma) has a monzogranitic-syenogranitic composition and is characterized by 
phenocrysts of sanidine ≤ 2 cm. It occurs as four main layers commonly interconnected and 
accompanied by minor dykes and sills and it was emplaced deeper than San Martino laccolith 
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(2.5-3.5 km) (Rocchi et al., 2002). The overall geometry and emplacement history of the 
laccolith complex are well defined (Westerman et  al., 2004). An important  feature of these 
igneous bodies is that westward tilting exposes transverse sections from the top to the bottom 
making it  possible to investigation of internal structures. Additionally, these intrusions offer a 
wide range of examples of contact features, many of which could be a constraint for magma 
flow direction.
The Orciatico lamproite (~ 4.1 Ma) is a very shallow small intrusion (max length ~ 1 km) 
composed by a tabular sub-horizontal body connected with its feeder dyke (Stefanini, 1934). 
A main feature is the presence of large vesicles in the feeder dyke and in the external portions 
of the main body. 
The feeding and filling modalities of these intrusions have been studied by means of the 
reconstruction of the magma flow by  the investigation of internal fabric and contact 
structures. Relevant data are represented by field observations, structural measurements of 
mineral and vesicle foliations and lineations and especially  the analysis of the anisotropy of 
magnetic susceptibility-AMS (Bouchez, 1997). Fabric analysis by AMS provides quantitative 
information about the orientation of magnetic mineral phases even when mineral alignments 
are only weakly  developed, allowing the geometry of subtle fabrics to be determined. On the 
other hand, rock fabric studies are difficult because a direct correlation between the internal 
structures and original magma flow can be problematic. First, because the final fabric could 
be the result of “pure” magmatic processes (emplacement, convection, etc.), late magmatic 
processes (thermal contraction, gravitational compaction, etc.) or tectonic processes (syn-
emplacement deformation, post-emplacement deformation, etc.) or a multiple overprinting of 
them (Paterson et al., 1998). Second, because a magmatic fabric reflects finite strain produced 
by progressive magmatic flow rather than simple flow directions (Mackin, 1947; Paterson et 
al., 1998; Saint-Blanquat et al., 2006). For these reasons, to give a correct interpretation of the 
internal structures is important to understand the boundary conditions of the internal 
deformations. 
The selected igneous bodies have been chosen because they offer the chance to study internal 
structures that are undoubtedly  magmatic for two main reasons: the shallow depth of 
emplacement (<2 km)  induced a very fast  crystallization and no younger ductile deformation 
occurred after the emplacement. In particular, the study of the internal fabric has been done 
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on San Martino and Orciatico intrusions where the use of AMS data has been cross-checked 
with field measurement of the attitude of K-feldspar megacrysts (San Martino laccolith) and 
vesicles (Orciatico laccolith) ,while the the study  of the contact features has been performed 
on the San Martino and Portoferraio laccoliths for the different rocks hosting the intrusions 
(ophiolites, argillites, sandstones, carbonates). Since the San Martino rocks are particularly 
weathered and altered, the comparison between different flow markers is particularly 
important to understand if the magnetic fabric can be considered a magmatic fabric or if the 






The Tyrrhenian Sea region is one of the most complex geodynamic settings on Earth. Its 
causes have been a matter of debate for decades and there is still disagreement on the 
processes that generated first order structural features, such as the Tyrrhenian Sea and the 
Apennine chain (Mantovani et al., 1985; Lavecchia and Stoppa, 1995; Boccaletti et al., 1997; 
Lustrino, 2000; Finetti et  al., 2001; Vai and Martini, 2001; Faccenna et al., 2004)  as well as 
the relationships between the Plio-Quaternary magmatism in the circum-Tyrrhenian area and 
the tectonic context of its generation and emplacement.
During the Late Cretaceous, the relative motion of the Adriatic/African plate and the 
European plate changed from transcurrent to convergent towards north. This evolution caused 
the convergence (Late Cretaceous–Eocene) and the collision (Eocene–Early Miocene) 
between the European plate, represented by the Corsica Sardinia Massif, and the African 
plate, represented by the Adria microplate. Lithosphere thickening and stacking of the 
tectonic units belonging to the paleogeographic domains of the Northern Apennines resulted 
from the collision.
Associated with the Cretaceous-Paleogene Alpine collision that led to the formation of the 
approximately N-S-trending Apenninic orogenic belt (Scandone and Patacca, 1984; Patacca 
et al., 2008)there is the formation of extending basins, that characterise the entire 
Mediterranean area. The opening of the western Mediterranean (last 30 Ma) migrated through 
time from west to east with the genesis of irregular basins from the Alboran, Valencia and 
Provençal basins through the Balearic and Algerian basins to the Tyrrhenian basin (Kastens et 
al., 1988).
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In the Tyrrhenian Sea, which is interpreted as a back arc basin associated with westward 
"rollback" of a west-dipping subduction zone (Scandone and Patacca, 1984; Malinverno and 
Ryan, 1986; Gvirtzman and Nur, 1999; Faccenna et al., 2001; Gvirtzman and Nur, 2001), 
these major geodynamic processes were associated with extensive magmatism involving 
different sources and capable of producing the complexity of the Mediterranean magmatism 
(Serri et  al., 2001). For these reasons, the Tyrrhenian Sea is considered a key area for 
understanding the interplay of extension, compression and magma production during basin 
evolution. 
Figure 2.1 - Tectonic map of the Mediterranean region, showing Mesozoic– Cenozoic contractional orogens 
and Neogene extensional basins. Africa–Eurasia plate boundary is shown in red (Platt, 2007)
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2.2) GEOLOGY OF NORTHERN APPENINES AND TYRRHENIAN SEA
2.2.1) Regional geology of the Northern Apennines
The Northern Apennines has a length of over 500 km and a width of around 200 km (Fig. 
3.2) and their traditional geological limits are the "Sestri-Voltaggio Line" to the NW 
(separating the Northern Apennines from the Ligurian Alps) and the "Ancona-Anzio Line" to 
the SE (representing the Northern-Southern Apennines border).
The Northern Apennines is a NE to E-vergent thrust  and fold orogenic belt derived from 
the collision and deformation of the European (i.e. Corsica–Sardinia Block) and Adriatic (i.e. 
Tuscan Domain) continental paleomargins during Late Oligocene–Miocene times occurring 
after the Late Cretaceous–Eocene subduction of the interposed Ligurian–Piedmontese 
oceanic Domain, a branch of the Western Tethys (Bortolotti et  al., 2001; Vai and Martini, 
2001). This orogenic belt was initially formed by collision between Europa and Adria, 
followed by  a retreating subduction zone causing the spatial and temporal migration of 
accretion towards the Adriatic foreland and was also characterized by orogen parallel 
extension concomitant with crustal shortening (Jolivet et al., 1998; Rossetti et al., 2002).
Many authors suggest an eastward migration of the compressional front  since the Miocene 
to Quaternary (Vai and Martini, 2001 and reference therein) while the inner part of the 
Northern Apennines nappe pile experienced extensional tectonics allowing the development 
of intermontane sedimentary  basins, crustal thinning and magmatism (Elter et al., 1975; 
Carmignani et al., 1994; Bortolotti et al., 2001; Vai and Martini, 2001). Other authors propose 
that the compressional tectonics in the inner part of the orogenic belt alternate with extension 
since Late Tortonian (Boccaletti and Sani, 1998; Bonini and Sani, 2002) or continue until 
Pliocene or Pleistocene times (Finetti et al., 2001).
The building of the Apenninic belt has involved different successions representing of 
different paleogeographic and structural domains (from top to bottom, in a broad present-day 
eastward direction) (see Marroni et al. 2001):
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• The Ligurian Domain (Ligurides) are represented by Jurassic ophiolites and their 
Jurassic–early Cretaceous sedimentary cover, overlain by Cretaceous– Oligocene flysch 
sequences. These units represent the remnants of oceanic lithosphere of the Ligure-
Piemontese oceanic basin (Internal Ligurian Units) and its transition to the continental 
margin (External Ligurian Units). The Ligure-Piemontese oceanic basin developed, 
between the continental margins of Europe and Adria during the Triassic-Jurassic rifting 
phase, and subsequently was involved in the Upper Cretaceous-Eocene collision events 
• the Sub-Ligurian Domain is characterised by various sedimentary  successions, 
comprising from the base, the Cretaceous to Eocene shale and carbonate deposits and 
Figure 2.2 - Tectonic sketch map of the northernmost sector of the Northern Apennines. Explanation: 1-Plio-
Quaternary deposits; 2-Plio-Pleistocene intramontane basins; 3-Miocene Epi-mesoalpine sedimentary sequences 
of the Tertiary Piemontese and Epiligurian basins; 4-Upper Eocene-Oligocene sedimentary sequences of the 
Tertiary Piemontese and Epiligurian basins; 5-Internal Ligurian Units; 6-Sestri-Voltaggio zone and Voltri group; 
7-External “Eastern” Ligurian Units; 8-External “Western” Ligurian Units; 9-Subligurian Units; 10-Tuscan 
Units; 11-Low-grade metamorphic Tuscan Units (Apuan Alps window). PP: Plio-Pleistocene successions; ES: 
Tertiary Piemontese and Epiligurian successions; IL: Internal Ligurian Units; EL: External Ligurian Units; TU: 
Tuscan and Umbrian Units. (Marroni et al., 2001)
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the Eocene flysch deposits. Siliciclastic turbidites are found associated with the flysch 
and range in age from Early Oligocene to Early Miocene . The Sub-Ligurian Domains 
has been interpreted as a complex and composite depositional system characterised by 
different sedimentation during the progressive migration of the subduction deformation 
front.
• The Tuscan Domain is divided into non-metamorphic Triassic–Oligocene 
sedimentary  units and deeper metamorphic crustal units. The former are Upper 
Triassic– Oligocene marine carbonates and turbidites deformed in a stack of east-
verging thrust sheets (Tuscan Nappe) while the latter are late Carboniferous–Tertiary 
cover sequences and Palaeozoic units (Hercynian basement).   The Tuscan Domain 
records the typical evolution of a passive continental margin, and ends with Oligo-
Miocene, thick forearc turbiditic deposits. The succession above the basement starts 
with Triassic continental deposits  (Verrucano Formation) followed by  carbonate 
platform sequences of Late Triassic - Early Dogger (Calcari a Rhaetavicula contorta, 
Grezzoni and Calcare Massiccio Formations) and then by carbonates recording the 
drowning of the platform (Rosso Ammonitico and Calcare Selcifero Inferiore 
Formations). From Dogger to Malm, the basin gets deeper producing pelagic deposits 
(Marne a Poseidonia, radiolarian Cherts and Maiolica Formations), re-sedimentation 
of fragments of the platform (Scaglia Formation), and finally siliciclastic turbidites 
deposits (Macigno Formation), all ranging from Late Oligocene to Early Miocene, with 
sedimentation that records the approach of the trench. The units of the Tuscan Domains 
have experienced deformation and metamorphism at different structural levels: the 
Falda Toscana Unit show anchizone grade metamorphism, while the Massa and 
Autoctono Apuano Units are deformed and metamorphosed under greenshist facies 
conditions 
• The Umbria–Marche Domain consist of sedimentary  rocks deposited on a 
continental margin with basal late-Triassic evaporites, Liassic platform carbonates and 
Jurassic–Oligocene pelagic sequences. The top of the sequence is represented by 
Miocene–Pleistocene turbidites that become progressively younger toward the Adriatic 
coast in accord with the eastward migration of the compressional front. 
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The tectonic pile consists of an imbricated stack of the continental domains overthrust by 
units of the Ligurian Domain. Numerous tectonic windows (Alpi Apuane, Monti Pisani, 
metamorphic complexes of southern Tuscan, Mt. Zuccone, Bobbio) demonstrate the presence 
of the Sub-Ligurian, Tuscan and Umbro-Marchigian Domains below the Ligurian units. 
Moreover, the general N-dipping trend of the belt's structural axis allows the Tuscan and 
Umbro-Marchigian Domains to crop  out primarily  in the southern part  of the Northern 
Apennines, while the Ligurian units extend continuously from the Ligurian Sea to the Po 
Plain.
2.2.2) The Tyrrhenian basin evolution
The Tyrrhenian basin is a young, deep, asymmetric, depression representing one of the 
major structural elements of the central Mediterranean. Its Northern part, mostly composed of 
continental crust, has been interpreted as the western sector of an accretionary prism related 
to the westwards subduction below Corsica since the early Oligocene (Abbate et al., 1989). 
Along the western margin the continental basement was thinned by rotational normal faulting 
(Kastens et al., 1988). The southern margin of the Tyrrhenian Basin shows composite 
volcanic activity whose products have large petrological differences, from the oldest  terms 
(31-13 My) up to the Aeolian arc (active since 1 My ago) and the Lazio–Campania volcanic 
districts.
The evolution of basin opening is recorded by syn-rift deposits, which testify to a 
migration of rifting phases approximately from west to east. The earliest syn-rift sediments in 
the Tyrrhenian Sea are Late Oligocene to Burdigalian (~25-16 Ma) deposits in the Corsica 
basin (Mauffret and Contrucci, 1999) while the major rifting event began in Early-Middle 
Tortonian (10-9 Ma). when  syn-rift sediments are widespread in the Northern Tyrrhenian Sea 
(Bartole, 1995). In the Southern Tyrrhenian Sea, the distribution of Tortonian sediments is 
restricted to a narrow zone offshore from the Sardinian coast: in fact the majority of the 
Southern Tyrrhenian Sea was subject to extension from the Messinian to the Pleistocene 
culminating in the Pliocene-Pleistocene seafloor spreading of the Vavilov (5-4 Ma) and 
Marsili Basins (3-2 Ma) (Kastens et al., 1988).
The Tyrrhenian Basin is described as an extensional Neogene–Quaternary back-arc basin 
formed by counterclockwise rotation of the Corsica–Sardinia and Adriatic microplates 
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(Alvarez, 1972; Cherchi and Montadert, 1982; Rehault and Bethoux, 1984). The opening 
process was triggered by passive westward-dipping subduction (Malinverno and Ryan, 1986) 
and such a model agrees with the subduction-related processes (Doglioni, 1991), with the 
shallow Moho depth inferred from seismic data (Scarascia et al., 1994), with high heat flow 
(Hutchison et al., 1985; Pasquale et al., 1997) and with the regional gravity field (Morelli, 
1970; Corrado and Rapolla, 1981). Further quantitative elements supporting both the strong 
lithospheric thinning and a passive mantle rise beneath the Tyrrhenian basin came from the 
density  model computed by  Cella et al. (1998) based on constraints derived from geothermal 
information.  
The existence of a Benioff zone beneath the Southern Apennine and the Calabrian Arc 
(Patacca et al., 1979; Scandone and Patacca, 1984) was confirmed by  the presence of several 
seismicity  clusters up to a depth of 500 km (Gasparini et al., 1982). However also different 
opinions exist about the Tyrrhenian subduction including, for example, whether the roll back 
regressive movement is the cause or the effect of back-arc extension, or its timing, variously 
aged between 30 and 80 My (Faccenna et al., 2001) or about the rate of subduction (Doglioni 
et al., 1999; Faccenna et al., 2001) or again the dipping angle (Doglioni, 1991; Faccenna et 
al., 2001; Faccenna et al., 2001).
The hypothesis of the south-eastward migration of the rifting process has been recently 
supported by geophysical investigations (Pasquale et al., 1999; Zito et al., 2003) and has been 
explained as consequence of an eastward rollback of a west-dipping subduction zone 
(Malinverno and Ryan, 1986; Faccenna et al., 2001). The driving mechanism for slab rollback 
is the negative buoyancy of the slab in comparison with the surrounding asthenosphere, 
implying partial coupling of the descending slab with the forearc. The gravitational instability 
may have resulted in a gradual steepening of the subducting slab and in an oceanward retreat 
of the subducting hinge. If the rate of hinge rollback exceeds the rate of convergence, 
extension will start on the edge of the overriding plate leading to the opening of a back arc 
basin (Nur et al., 1993). But the strongest evidence for the role of subduction-related rollback 
in the Tyrrhenian-Apennine system is the distribution of magmatism that shows a pattern of 
movement of the magmatic arc consistent with rollback of the subduction hinge toward the 
east and southeast.
In particular, the opening of the North Tyrrhenian basin and the migration of the 
extensional front to the North Apennine, led to the formation of the Tuscan Magmatic 
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Province (TMP). The Tuscan Magmatic Province (characterised by the occurrence of various 
types of mafic and felsic intrusive, plutonic, sub-volcanic and volcanic products with a wide 
range of crustal and mantle affinities) represents one of the best expressions of extension-
related magmatic evolution.
2.3) THE TUSCAN MAGMATIC PROVINCE
The igneous rocks of the Tuscany  Province consist of an association mafic to silicic 
intrusive and extrusive rocks exhibiting contrasting compositions and genesis (petrological 
characteristics and ages (Ma) of TMP products are presented in Table 1). On the basis of 
geochronological data it is possible to recognize that the magmatic activity  of TMP developed 
in four phases, separated in space and time, rather than by a continuous migration of the site 
of the magmatism toward the east as suggested by Civetta et al. (1978):
Phase I (14 Ma) - Documented by  the small intrusion of the Sisco sill (Corsica). The Sisco 
lamproitic sill is considered to be the first activity  related to the post-collisional lithospheric 
extension of the Northern Apennines.
Phase II (~8-6 Ma) - Includes the Montecristo pluton and the Vercelli seamount as well as 
the intrusive sequence of western Elba and the first period of Capraia composite volcano.
Phase III (~5.1-2.2 Ma) - Includes the Porto Azzurro, Giglio, Campiglia, Gavorrano, 
Castel di Pietra and Monteverdi plutons, the San Vincenzo rhyolites and Orciatico, Val di 
Cecina lamproites.Also the second period of activity of Capraia (4.6-3.5 Ma), the Roccastrada 
rhyolites (2.5-2.2 Ma) and the Tolfa district (3.5-3.4 Ma) belong to this phase. 
Phase IV (~1.3-0.3 Ma) - Includes Radicofani and Monti Cimini (1.3-0.9 Ma), Torre Alfina 
(0.8 ma) and Monte Amiata (~ 0.3 Ma) and superimpose with the activity  of the Roman 
Magmatic Province (RMP). 
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Figure 2.3 - Location map for the Tuscan Magmatic Province.  Also reported are the younger potassic-
ultrapotassic volcanic rocks of the Roman Magmatic Province. (modified from Westermann et al., 2004). Ages 
from Serri et al. (1993).  Morphostructural features (Capraia-Elba-Montecristo ridge) (Mauffret and Contrucci, 
1999)
Figure 2.4 - TAS classification diagram for most significative igneous rocks of the Tuscan Magmatic 






(Ma) Volcanology & Petrology
Sisco 14.0 Minette dyke showing a high-silica lamproitic composition
Elba Island 8.0-5.1
Monzogranites and minor granodiorites, sienogranites, alkali 
feldspar granites, aplites and pegmatites forming stocks, laccoliths, 
dykes and sills.
Capraia Island 7.6-4.6 Stratovolcano formed by high-K calc-alkaline andesites and dacites and by late shoshonitic basalts.
Vercelli seamount 7.2 Small intrusive body of syenogranitic composition
Montecristo Island 7.1 Monzogranite stock cut by aplite and pegmatite veins and porphyritic dykes
Campiglia-Gavorrano 5.9-4.3
Leucocratic monzogranite, alkali feldspar granite and tourmaline-
bearing leucogranite. Altered mafic dykes with ultrapotassic 
composition.
Giglio Island 5.0 Monzogranite stock intruded by leucocratic monzogranite and by aplite-pegmatite dykes.
San Vincenzo 4.5 Rhyolite lava flow and dome
Tolfa-Manziana-
Cerite 3.5
From trachydacite to rhyolite lava flows, domes and pyroclastic 
flows.
Roccastrada 2.5 Rhyolite lava flow and dome
Monti Cimini 1.3-0.9 From trachydacite to latite lava flows, domes and ignimbrites, with a few late-erupted olivine-latite and shoshonite lavas
Monte Amiata 0.3-0.2 Central cone of prevailing trachydacite lava flows and domes,  late stage of olivine-latite and shoshonite lavas.
Montecatini Val di 
Cecina 4.1
Minette neck with high-silica lamproitic composition, permeated by 
leucocratic veins
Orciatico 4.1 Hypabyssal body with high-silica lamproitic composition,
Radicofani 1.3 Mafic neck and remnants of lava flow with shoshonitic to ultrapotassic composition
Torre Alfina 0.9-0.8 Mafic necks and lava flow with high-silica lamproitic composition.
Table 1 -  Petrological characteristics and ages (Ma) of magmatism in the Tuscan Magmatic Province. 
Modified from Peccerillo (2005) and ordered according with decreasing age
2.3.1) Silicic magmatism
Silicic lavas occur at San Vincenzo, Roccastrada, Monte Amiata, Monti Cimini and Tolfa-
Manziana-Cerite complex while a few ignimbrites only occur at Monti Cimini and Cerite 
complex. Silicic intrusions crop out in the islands of Elba, Montecristo and Giglio, and at 
Campiglia and Gavorrano in southern Tuscany. Other granitoid bodies occur as seamounts in 
the northern Tyrrhenian Sea (Barbieri et al., 1986) and as hidden intrusions encountered by 
drilling in several places of southern Tuscany (Franceschini et al., 2000; Poli et  al., 2003) 
where high heat flow (Gianelli et al., 1997) and the geophysical modelling suggest the 
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existence of a long-lived and still active magmatic system in the Larderello geothermal area 
(Gianelli et al., 1997) and in the mining area of Gavorrano (Franceschini et al., 2000). 
 Extensive literature exists on the geochemistry and mineralogy of TMP granites and 
rhyolites (Poli et al., 1989; Poli, 1992; Serri et al., 1993; Innocenti et al., 1997; Poli et  al., 
2002; Rocchi et  al., 2003; Gagnevin et al., 2004). Some of the main characteristics of 
intrusive acid rocks have been summarized by Dini et al. (2005) (see references therein):
 The most common lithotype is monzogranite with local variation and/or discrete bodies 
characterised by granodioritic, syenogranitic and alkali-feldspar granitic composition. 
Most of acid rocks show granular, sometimes porphyritic hypidiomorphic (granites) to 
allotriomorphic (aplites) texture and consist of K-feldspar, plagioclase, biotite and quartz. 
Ubiquitous accessory minerals are apatite, zircon, monazite, tourmaline and ilmenite. In 
some cases the highly peraluminous character of these rocks is emphasized by  the 
presence of cordierite, muscovite and andalusite.
 LILE and REE show patterns comparable to the maximum values for collisional granites 
defined by Pearce et al. (1984).  
 Granites and rhyolites are rich in boron (20 ± 1500 ppm) and tourmaline is common
 The granites show a very high δ 18O, in the range of +11 to +15, compatible with a 
metapelitic source similar to the phyllites and micaschists of the Paleozoic Tuscan 
metamorphic units.
 The 87Sr/86Sr and 143Nd/144Nd isotopic ratios fall within the ranges 0.711-0.724 and 
0.51227-0.51204 respectively (Fig. 2.6)(Dini et al., 2002). The Sr-Nd isotope data have 
been interpreted as the result of mixing processes between crust- and mantle-derived 
magmas. Moreover, the ε Nd(t) values of TMP granites have a bimodal distribution 
around -8/-9 and around -10/-11 generally  attributed to the heterogeneous composition of 
the crustal sources at depth.
 Mafic microgranular enclaves occur commonly  within both granites and volcanic rocks . 
Their 87Sr/86Sr and 143Nd/144Nd isotopic ratios fall within a large range of values 
(0.708-0.714 and 0.51252-0.51218) (Fig. 2.6).
 Xenoliths of metasedimentary rocks also occur commonly  within both granites and 
volcanic rocks. Most of these xenoliths show a gneissic texture with abundant biotite, 
plagioclase, sillimanite, K-feldspar, corundum, hercynite, andalusite and cordierite. 
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Moreover, within some volcanic rocks xenocrysts of cordierite, fibrolitic sillimanite and 
almandine considered to be of restitic origin
Petrological and geochemical data, including the peraluminous nature of most rocks and 
their crustal-like geochemical and isotopic signatures (Poli 2004 and references therein), 
support the crustal anatectic origin of the acidic magmatism of TMP. Very few silicic rocks 
actually represent pure anatectic melts including Roccastrada rhyolites, some of the San 
Vincenzo lavas and some leucocratic granitoid bodies occurring at Elba and Giglio (e.g. Poli 
1992). The origin of this rocks can be modelled by assuming large degrees (some 40-50%) of 
partial melting of metasediments (Poli, 2004).
Mixing/mingling processes between silicic and mafic magmas are revealed by  the 
occurrence of microgranular mafic enclaves and mafic xenocrysts and are confirmed by the 
variable radiogenic isotope signatures, both in the single silicic bodies and at the regional 
scale, and by the hyperbolic trend of Sr vs. 87Sr/86Sr at San Vincenzo. It is not easy to define 
the nature of the mafic end-member involved, since several enclaves show clear evidence of 
being equilibrated with host rocks. Additionally  different types of mafic magma (from calc-
alkaline to ultrapotassic) were involved (Poli, 2004). 
Similarly, variable major and trace element abundances at rather constant 87Sr/86Sr, (e.g. 
at Elba) in some silicic bodies suggests that magmas were also subjected to fractional 
crystallisation. This process mostly affected hybrid magmas, determining the formation of 
leucocratic rocks occurring as aplitic and pegmatitic veins in several intrusions. Therefore, 
the most leucocratic rocks in Tuscany represent either primary crustal anatectic melts or end-
products of fractional crystallisation processes of less silicic hybrid parents.
2.3.2) Mafic magmatism
Mafic magmas (MgO higher than 3 wt %) mostly form small monogenetic intrusive and 
effusive bodies but are also present as enclaves in several acid intrusive and extrusive rocks.
They  have highly variable compositions (in terms of major elements, incompatible element 
abundances and isotopic signatures) ranging from calc-alkaline and shoshonitic to potassic 
and ultrapotassic (Peccerillo, 2005). In particular, the Tuscan ultrapotassic rocks are slightly 
undersaturated to oversaturated in silica (differently from  the strongly undersaturated 
ultrapotassic rocks from the Roman Province) and have high MgO and SiO2, low CaO, 
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Al2O3, Na2O, and FeOtotal contents: they  have been classified as high-silica lamproites 
(Peccerillo et al., 1988; Conticelli and Peccerillo, 1992). Other mafic rocks are less enriched 
in potassium and incompatible trace elements, and exhibit higher CaO and Al2O3 than 
lamproites, and fall in the calc-alkaline, shoshonitic and potassic fields.
It is widely accepted that  Tuscan mafic magmas have been subject to fractional 
crystallisation, mixing and crustal assimilation (Conticelli, 1998). However, it has been 
excluded that such magmas can be derived from each other by  such differentiation processes. 
Instead it has been concluded that the variable petrological and geochemical compositions of 
mafic rocks in Tuscany basically result  from anomalous and heterogeneous mantle sources 
(Conticelli and Peccerillo, 1992)
Lamproitic rocks: Rocks with lamproitic composition (Montecatini Val di Cecina, 
Orciatico, Torre Alfina , Sisco, Campiglia Marittima) have a quite variable texture: from 
aphyric to poorly porphiritic at Torre Alfina and Orciatico,  from microgranular to slightly 
porphyritic texture at Sisco and medium-fine grained phaneritic at Montecatini. The main 
phases are olivine, clinopyroxene, phlogopite and K-feldspar while apatite, amphibole and 
Fe-Ti oxides are the main accessories. The Torre Alfina rocks contain abundant xenoliths of 
both crustal and mantle origin (best observed on the walls of the Torre Alfina castle, which 
dominates the homonymous village)  (Conticelli and Peccerillo, 1990).
These magmas have low CaO, Na20, and A1203, and very  high K20 (Fig. 2-4). Since 
major element composition of primary melts depend on the type and proportions of mineral 
phases enetering the melt, the particular composition of lamproites suggests a genesis by 
melting of a peridotite depleted in clinopyroxene (i.e. residual harzburgite) and enriched in a 
K-rich phase, such as phlogopite.
The silica oversaturation and the high silica contents point to a genesis in the uppermost 
mantle, as demonstrated experimentally (Wendlandt and Eggler, 1980; Foley, 1992; Melzer 
and Foley, 2000). Trace element abundance and ratios, and isotopic signatures (Fig. 5,6) are 
typical of upper crust rather than mantle suggesting a genesis in an anomalous metasomatic 
harzburgite, which suffered metasomatic modification by addition of upper crustal material., 
likely produced by subduction processes (Peccerillo, 2005).
Calcalkaline and shoshonitic: calcalkaline and shoshonitic rocks (exposed at Capraia 
and at  Radicofani) present porphyritic textures with plagioclase phenocrysts, clinopyroxene, 
olivine but also orthopyroxene, biotite and amphibole. These rocks have lower enrichment in 
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incompatible elements, potassium and and radiogenic Sr than lamproites, whereas CaO, 
A1203, and Na20 are higher. However, the shape of incompatible element patterns is similar 
to lamproites and is different from those of typical shoshonitic rocks, e.g. from the Aeolian 
arc (Fig. 5B); for instance, Tuscan rocks have negative spikes of Ba, Sr ad P, and positive 
spikes of Th and Rb which are not encountered in the Aeolian shoshonites.  Therefore, calc 
alkaline and shoshonitic magmas were likely generated in a source which had similar, 
although less intense, type of enrichment in incompatible elements as the lamproite source. 
The higher CaO, A1203, and Na20 of calcalkaline and shoshonitic rocks suggests a 
lherzolitic source for these magmas rather than to a harzburgitic source (Conticelli and 
Peccerillo, 1992). An alternative possibility is that the calc-alkaline primary melts were 
formed by higher degrees of partial melting of the same source as the lamproites. Low 
degrees of partial melting would have generated ultrapotassic magmas by  preferential 
melting of phlogopite while  an increasing melting would have allowed significant amounts 
of clinopyroxene to enter into the liquid, determining an increase in CaO and a dilution of 
incompatible elements (Conticelli et al. 2004). 
Hybryd rocks: finally, hybrids between Calc-alkaline- shoshonitic and Lamproitic 
magmas outcrops at Monti Cimini and Radicofani and have olivine latite composition. 
Incompatible element patterns resemble those of lamproites, but element concentrations 
(especially HFSE) are generally  lower than in lamproites. These magmas were formed by 
mixing between calcalkaline (or shoshonitic) and lamproitic mafic magmas. Such a process is 
particularly evident at Radicofani. Obviously, mixing may have occurred in the source rather 
than, or in addition to, at shallow level (source mixing vs. magma mixing). However, 
additional studies are necessary to test this hypothesis.
Overall, Tuscan mafic rocks display trends of incompatible element ratios and isotopes 
that are different from those of the nearby Roman province (Fig. 7). This has been interpreted 
as an evidence for two distinct metasomatic events, respectively  in Tuscany and in the 
Roman region (Peccerillo, 1999; Peccerillo and Panza, 1999).
In conclusion, the overall petrogenetic history for the Tuscan province consists of the 
following main steps summarized by Peccerillo et al. (2005): 
1. Subduction processes introduced upper crustal material into the mantle lherzolites 
(asthenosphere?) and residual harzburgite (lithosphere?) that were contaminated at various 
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extent. This generated heterogeneous and anomalous mantle sources whose incompatible 
trace element patterns and geochemical signatures resemble those of the upper crust.
2. Variable degrees of partial melting of heterogeneous mantle generated various types of 
magmas, from ca1calkaline to lamproitic, which are of obvious mantle origin but have 
crustal-like geochemical and isotopic signatures.
3. Injection of mafic magmas into the continental crust induced an increase of isotherms, 
with onset of crustal anatexis and mafic-acid magma mingling.
2.4 ) ELBA ISLAND
2.4.1) An historic view 
Elba island is the largest island of the Tuscan Archipelago, a group of islands located in the 
Tyrrhenian Sea between Tuscany and the northern Corsica. The name «Elba» was first used 
by Pope Gregorius Magnus, in the Middle Ages, but its history can be followed until 50.000 
years ago when, during the Wiirm glaciation it  was possible to walk from mainland to islands 
and Neanderthal men moved on the island. Homo Sapiens lived in Elba from 18,000 to 
12,000 years ago, when the isthmus joining the Elba to Tuscany was submerged, and only 
5,000 years later (Neolithic) people came back again on the island. 
Around 1000 B.C. the inhanbitants started the exploration of Elba ores with the extraction 
of copper from ophiolitic sequences but it was during the VII century B.C. that the Etruscans 
opened mines on the island (and elsewhere in the southern Tuscany) becoming the major 
producers of iron and other metals such as copper, lead, zinc, silver. 
At the beginning of the fourth century  B.C., the Greeks conquered Elba but their dominion 
lasted only a century when the Romans took control of the island. They mined its iron ores 
for more than one century. They used very  rough techniques leaving up to 70% of the iron in 
the scoria. Additionally, they  almost completely  destroyed the woods of Elba to supply their 
furnaces and only in the I century  B.C. the first Emperor Augustus established that no more 
trees could be cut on Elba to supply furnaces. The Romans started also to quarry  the granite 
of western Elba, and columns from there can be admired today  at the Pantheon and Saint 
Paul's cathedral in Rome. The exploitation of the iron ores started again in the eleventh 
century under the possession of the Republic of Pisa. 
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From the end of the XIII century to the French Revolution, Elba Island was dominated by 
ever changing powers, i.e. Genoa, Spain, the Medici of Florence, the Lorraines of Tuscany, 
the Bourbons of Naples. Between May 1814 and February  1815 Napoleon was in exile at 
Elba and he built streets, set down administrative rules, supported the public health, and 
imposed a new development of the mining industry: for these reasons Elba will never forget 
him.  
After Napoleon's departure and his defeat, Elba was annexed to the Grand Duchy of 
Tuscany in 1815 and it became part of the newly born Italy by  plebiscite in 1860. The Italian 
Elba became an important iron centre and it went through a flourishing trade development 
that also brought a stream of immigrants from the mainland. In the post-war period the island 
started up its tourist trade, leaving forever the industrial activities.
2.4.2) Geological structure of Elba island
According to classic authors (Trevisan, 1950; Perrin, 1975; Keller and Pialli, 1990; 
Pertusati et al., 1993) the structure of Elba Island is made up of five tectonic units (Fig. 3.4) 
which were stacked onto each other during the eastward Apenninic compressional event 
before 20 Ma (Deino et al., 1992). 
The lower three complexes have continental features and belong to the Adria margin:
Complex I - This Complex is constitued by metamorphic rocks: the lower part is 
composed of muscovite-biotite schists with andalusite and plagioclase, with quartzitic and 
amphibolitic levels (Paleozoic); the upper part is made of quartzites (Verrucano) and 
crystalline dolomitic-limestones (Triassic-Early Jurassic). The entire succession is extensively 
hornfelsed and intruded by aplitic dykes linked to the La Serra-Porto Azzurro monzogranite.
Complex II - This Complex is made up of rocks similar to the metamorphic Tuscan 
succession of the Apuan Alps. The succession from the base is as follows: a) contact 
metamorphic schists with biotite and andalusite spots overlain by porphyroids and porphyritic 
schists (Permo-Carboniferous); b) vacuolar dolomitic and calcareous-dolomitic rocks (Late 
Triassic); c) marbles grading upwards to calcschists (Early  Jurassic); d) calcareous phyllites 




Complex III - The rocks of this Complex correspond to the Tuscan Succession of La 
Spezia and the succession is as follows starting from the base: a) quartz arenites, arenaceous 
schists, quartzitic conglomerates and locally contact metamorphic schists (Late 
Carboniferous); b) transgressive quartzitic sandstones, conglomerates and schists, which can 
be correlated with the Ladinian-Carnian "Verrucano" of the Monte Pisano; c) dolomitic 
vacuolar limestones, heterotopic with black limestones with intercalations of marlstones with 
Rhaetavicula (Late Triassic); d) massive limestones (Early Jurassic); e) cherty  limestones 
(Early Jurassic); f) varicoloured marly shales and rare cherty calcareous layers (Middle 
Jurassic).
The upper two complexes have an oceanic origin and belong to the Ligurian branch of the 
Western Tethys Ocean:
Complex IV - This Complex represents the lower Ligurian unit and consists of: a) 
lherzolitic-harzburgitic serpentinites; b) gabbros; c) basalts; d) radiolarites (Late Jurassic); e) 
Figure 2.5 - Geological sketch map of Elba Island. Modified after Trevisan & Marinelli (1967), Pertusati et 
al. (1993) and Westerman et al. (2003) and draped over a digital elevation model. 
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“Calpionella” limestones (Early Cretaceous); f) shales with siliceous limestones called 
“Palombini Shales” (Early-Middle Cretaceous).
Complex V - This Complex includes two tectonically superimposed flysch formations. 
The lower formation is constituted by  shales with intercalations of limestones, and 
subordinately of sandstones and ophiolitic breccias (Paleocene-Eocene); the upper formation 
is made up of quartzo-feldspathic sandstones and conglomerates, grading upwards to a marly-
calcareous succession (Upper Cretaceous)
More recently, Bortolotti et al. (2001) have outlined that the structure of central and 
eastern Elba is by  far more complex and have detected nine major tectonic units. Their 
description and their relationship  with the Complexes described by Trevisan (1950) are 
reported in Table 2.
Complex Unit Main features
I Porto Azzurro Paleozoic rocks affected by tectono-








Unit is a Tuscan succession (Late Carboniferous-
Oligocene) which suffered Alpine epi-
metamorphism
Tuscan Nappe non metamorphic Late Triassic to Dogger succession
Gràssera Anchimetamorphic unit attributed to the Ligurian Domain
IV Ophiolitic Ligurian Domain. Consists of seven sub-units.
V
Paleogene Flysch
Flysch succession of different age and compositionCretaceous 
Flysch
Table 2 – The relationship between the five Complexes of Trevisan (1950) and the nine tectonic units of 
Bortolotti et al. (2001).  A brief description of main features of the units is reported. For a complete 
description see Bortolotti et al. (2001).
In late Miocene time, extensional processes affected the area of Elba Island (Bouillin et al., 
1993; Jolivet, 1993) and the complexes where cross-cut by large-scale faults (Eastern Border, 
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Central Elba and Zuccale Fault) that subdivide Elba Island into three geographic areas: 
western, central and eastern Elba:
Western Elba and the Eastern Border Fault. Western Elba is constituted by the Monte 
Capanne pluton and its contact metamorphic carapace of complex IV rocks containing 
porphyry intrusions. It is separated from central Elba by the Eastern Border fault (EBF) that 
parallels the east side of Monte Capanne pluton and it is marked , for the msot part, by a 
distinct plane, moderately to steeply dipping to the east. The EBF had a movement that was 
"west  side up" and juxtaposed western rock from 4-5 km depth (the pluton's thermally 
metamorphosed host  rock of Complex IV plus fragments of pluton itself) with shallowly 
buried sedimentary  rocks and their enclosed porphyries on the east side (Dini et al., 2002) 
(unmetamorphosed flysch of Complex V and San Martino porphyry).
Central Elba and the Central Elba Fault. Central Elba is mainly constituded by  rocks of 
Complex V and porphyritic rocks (laccoliths and dykes). It is separated from eastern Elba by 
the low angle Central Elba Fault  (CEF), marked by  a zone containing a tectonic mélange of 
rocks from Complexes IV and V (Trevisan, 1950; Perrin, 1975) and especially rocks that crop 
out in western Elba. 
Eastern Elba and the Zuccale Fault. Eastern Elba is mainly made up by rocks from the 
lower four complexes with a minor volume of outcropping intrusive rocks. The Zuccale fault 
is a gently  east-dipping normal fault  that cut the Eastern Elba in two parts. It offsets part of 
the pre-existing thrust stack eastwards with stratigraphic separations suggesting fault 
displacement of 7-8 km (Trevisan, 1950).
2.4.3 - The intrusive sequence
The extensional processes that affected the area of Elba Island during the late Miocene 
(Bouillin et al., 1993) led to emplacement of an important intrusive complex  within the 
stacked tectonic complexes. The relative chronology of the intrusive sequence has been 
firmly established on the basis of crosscutting relations and is supported by isotope 
chronology  (Dini et al., 2002) that points out  that magmatism occurred during three main 
pulses (Dini et al., 2002):
 ~ 8 Ma: emplacement of Capo Bianco aplite, Nasuto microgranite, Portoferraio 
porphyry in the Western Elba
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 from 7.4 to 6.9 Ma: emplacement San Martino porphyry, Monte Capanne pluton 
and Orano porphyry in the Western Elba
 ~ 5.8 Ma: emplacement of the Porto Azzurro pluton and the Monte Castello dyke 
in the Eastern Elba
A description of the intrusive units follows:
Capo Bianco Aplite: it is a white, low porphyritic and peraluminous alkali-feldspar 
granite that is strongly  enriched in boron. This feature is highlighted by  the widespread 
presence of black-blue tourmaline orbicules and spots which increase in number from the 
bottom to the top  of the intrusion. The increase of tourmaline content is coupled with the 
development of a strong magmatic layering developed above the solidus.  It occurs both in 
western Elba than in central Elba. In western Elba it occurs within Complex IV ultramafic 
and argillaceous rocks as five adjacent but isolated caps on a ridge that have been interpreted 
as an original sill dismembered by younger intrusions. In central Elba it constitutes a 
tourmaline-rich laccolith layer that was emplaced at higher level with respect to the layer in 
western Elba (Westerman et al., 2004). Whole rock-muscovite Rb-Sr isochrons (muscovite 
phenocrysts >350 µm selected to avoid secondary sericite) yielded cooling ages of 7.95 ± 0,1 
Ma and 7.91 ± 0,1 Ma for samples from western and central Elba respectively (Dini, 1997). 
A 39Ar/40Ar age of 8.5 Ma for late magmatic muscovite from central Elba is reported by 
Maineri et al (2002). In minor outcrops of Capo Bianco aplite that experienced greater 
eastward tectonic translation to eastern Elba (Pertusati et al., 1993), the original rock is 
affected by  hydrothermal recrystallization of albite to sericite, a process dated to 6.7 ± 0.1 Ma 
(Maineri et al., 2003). The correct cooling age for the Capo Bianco aplite is considered to be 
8 Ma.
Nasuto microgranite: this little intrusion has a syenogranitic composition and crops out 
over an area of 0.5 km2 along the northern shore of western Elba. It is entirely  surrounded and 
intruded by the younger Portoferraio porphyry such that its primary intrusive contacts are 
lost.
Portoferraio porphyry: it contains prominent phenocrysts (< 2 cm) of sanidine in a fine-
grained groundmass and has monzogranite to syenogranite compositions. It occurs as four 
major layers up to 700 m thick, commonly interconnected and accompanied by minor dykes 
and sills., both in western than in central Elba. Its cooling age is considered to be 8 Ma. More 
detailed information about the Portoferraio laccolith is presented in Chapter 5. 
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San Martino porphyry: it is a monzogranite porphyry that occurs as dykes or thick layers 
in western and central Elba. Its main feature is the presence of prominent megacrysts of 
sanidine set in a very fine-grained groundmass. Its cooling age is considered to be 6.9 Ma. 
More detailed informations about the San Martino laccolith are presented in Chapter 4 and 5.
Monte Capanne pluton: this monzogranite outcrops in western Elba and has a roughly 
circular plan (diameter ~ 10 km). It  represents the largest intrusion of those exposed in the 
Tuscan Magmatic Province (Marinelli, 1955; Marinelli, 1959; Poli et al., 1989; Poli, 1992) 
and is bordered along its perimeter by contact metamorphosed rocks of Complex IV and of 
older intrusive rocks. It was assembled incrementally  by downward stacking of three slightly 
different magma batches, building a sheeted pluton in the intermediate-shallow crust. The 
magma batches were formed at depth, acquiring unique geochemical features that were 
preserved after ascent and emplacement and were emplaced in a short time sequence, thus 
inhibiting the development of sharp contacts between sequential magma batches and 
hampering geochronological efforts to unravel age differences between internal facies (Farina 
et al., 2010). They include the «Sant' Andrea facies», the «San Francesco facies»and the «San 
Piero facies». The Sant' Andrea facies outcrops mainly in the northern part of the pluton. It 
exhibits high percentages of coarse phenocrysts (Qz and Bt) and it is characterised by the 
presence of megacrysts of Kfs. The San Piero facies outcrops primarly in a continuous belt 
from Procchio to Fetovaia in the eastern part  of the pluton. It appears mostly as a 
homogeneous, fine- to medium-grained rock almost devoid of early, coarse phenocrysts, 
while amphibole clots replacing former pyroxene are found. San Francesco separates the two 
former facies and have transitional characteristics. This petrographic subdivision of the pluton 
is supported by structural studies (Boccaletti and Papini, 1989) that identified a strong NNE-
SSW preferred orientation of minerals in the southeastern region (roughly  corresponding to 
the San Piero facies), in contrast with the more irregular fabrics found in the northwestern 
part of the pluton. This pattern is also mimicked by  those derived from AMS data (Bouillin et 
al., 1993). The whole intrusive mass is characterised by  the widespread occurrence of mafic 
microgranular enclaves of varying amounts and sizes that are characteristically less abundant 
in the southeastern facies. Dates for emplacement of the Monte Capanne pluton are quite 
scattered (Ferrara and Tonarini, 1993), with Rb-Sr and U-Pb dates between 5.8 and 7.0 Ma 
also if dates obtained for the post-plutonic Orano porphyry  dykes (6.83 6.87 Ma) suggest  that 
the most  likely emplacement age for the Monte Capanne pluton is close to the highest 
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literature values, i.e. 6.8 - 7.0 Ma (Dini et al., 2002). Additionally, two samples from the San 
Piero facies display full Sr isotopic equilibrium and Rb-Sr wr-PI-Kfs-Bt cooling ages of 6.88 
± 0.1 and 6.75 ± 0.07 (Innocenti et  al., 1992). Therefore, initial isotopic ratios of samples 
from the Monte Capanne pluton have been corrected to 6.9 Ma.
Late felsic products associated with the Monte Capanne pluton cut the pluton and can 
be subdivided into: the Cotoncello body, leucogranite dykes and aplite-pegmatites veins and 
dykes. The Cotoncello body crops out at Punta Cotoncello in the northwestern part of the 
pluton. This syenogranite is characterised by the presence of K-feldspar megacrysts and by a 
distinctively finer-grained matrix with respect to the host pluton (Dini et al., 2002). The 
relationship  between the Cotoncello body and the Monte Capanne pluton is very complex and 
it has been interpreted as a dyke (Dini et al., 2002) as well as an intrusive facies of Monte 
Capanne pluton (Rocchi et al., 2003). The Cotoncello body cut the pluton but displays also 
striking textural evidences of mixing/mingling with it testifiing that this product was 
emplaced when the pluton was not yet crystallized. 
The leucogranite dyke have syenogranitic compositions, and occur mainly close to the 
pluton's contact, within both the pluton and its contact metamorphic aureole. They  commonly 
have thicknesses up to tens of meters. The leucogranites are interpreted to be the result of the 
mineral fractionation of a Monte Capanne magma (Dini et al., 2002). Their emplacement age 
cannot be differentiated from that of the Monte Capanne pluton.
Aplite-pegmatite veins and dykes occur commonly as thin (0.1 to 2 m) and short (up to a 
few meters) masses, in some place crosscutting the leucogranite dykes.
The Orano dykes occur as a swarm of more than 200 darkly coloured dykes with 
dominant quartz monzodioritic to granodioritic compositions and porphyritic texture with 
plagioclase, biotite, clinopyroxene and amphibole phenocrysts and quartz and Kfeldspar 
xenocrysts set in a very fine-grained groundmass. They intruded all of the other intrusive 
units of the Western-Central Elba Laccolith Complex and the Monte Capanne Pluton and crop 
out both in western (main part) than in central Elba (Dini et  al., 2008).  In western Elba two 
distinct systems of dykes are recognized, a major system made of one set trending ENE, and a 
minor system consisting of two sets trending NNE and NW. They were emplaced in a 
complex NE-SW dextral shear zone within which differential strain created minor local zones 
of sinistral shear (Dini et al., 2008). Emplacement of this swarm is the first documented 
evidence for the activity of a transfer fault zone that brought to a long-lived magmatism in the 
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northern Tyrrhenian region (Dini et al., 2008). A western Elba sample, bearing 
compositionally homogeneous biotite, yielded a wr-Bt Rb-Sr internal isochron of 7.06 ± 0.07 
Ma (Dini, 1997), but minor Sr isotopic disequilibrium exists between phenocrysts and whole 
rock. However, such disequilibrium is rather restricted, and a wr-Pl-Kfs-Bt Rb-Sr internal 
isochron gave an age of 6.87 ± 0.28 Ma. This date matches the sanidine 40Ar/39Ar isochron 
age of 6.83 ± 0.06 Ma obtained for a central Elba Orano dyke (Dini and Laurenzi, 1999). The 
cooling age for the Orano porphyry is considered to be 6.85 Ma, before complete 
consolidation of the Monte Capanne plutonic system and representing the closing event of 
igneous activity in western Elba (Dini et al., 2002).
The Porto Azzurro pluton is a megacrystic monzogranite with composition similar to the 
most acid portion of the Monte Capanne pluton (Conticelli et al., 2001). The pluton has only 
limited exposure in the south-central part of eastern Elba, but a significant size is suggested 
by the extent of its contact metamorphic aureole. The pluton is dated by the K/Ar method at 
5.9 ± 0.5 Ma (Saupé et al., 1982) and with Rb/Sr method at 5.1 ± 0.8 Ma (Saupé et al., 1982). 
Numerous leucogranitic/aplitic dykes and sills crop out along the coast between Punta 
Calamita and Porto Azzurro (Marinelli, 1959) but the association between the Porto Azzurro 
pluton, leucogranitic sills and dykes and the mineralization in Fe of Calamita peninsula are 
not still well understood.
The Monte Castello dyke is a brownish-grey porphyritic dyke with an original 
shoshonitic composition and an emplacement age of 5.8 Ma (Conticelli et al., 2001).
2.4.4 - Geometry of the laccolith complex
The main bodies of Capo Bianco aplite, Portoferraio porphyry, and San Martino porphyry 
have laccolithic shapes as evidenced by  Rocchi et al. (2002) who pointed out the following 
features:contacts of intrusions share the strike and dip of host flysch bedding.
(i)  the sheets clearly taper out at their visible eastern ends.
(ii)  detailed mapping and cross sections show that the nine main layers have convex-
upward roofs and flat or convex-upward floors. 
Each intrusive unit is interpreted as a multilayer laccolith (Rocchi et al., 2002). The layers 
of each unit  are connected by  small dykes, and major dykes below the overlying sheets are 
interpreted as feeders. The overall geometry resulting for the Elba subvolcanic complex is 
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one of a nested multilayer, multipulse Christmas-tree laccolith complex with a total 
thickness of about 2400 m of porphyritic rocks emplaced at depths of 2-3.5 km (Rocchi et al., 
2002; Westerman et al., 2004).
Most of the laccolith layers on Elba were emplaced along strong crustal heterogeneities 
such as thrust surfaces between Complexes, secondary thrusts inside Complexes, and bedding 
in the flysch: the general picture is, therefore, that of a vertically rising magma that stops 
ascending and spreads laterally  along surfaces of strength anisotropy acting as crustal magma 
traps (Rocchi et al., 2002).
The dimensional parameters of the laccolithic layers yield general indications about 
mechanism of emplacement and growth of these sheet-like intrusions. Maximum thickness 
values (T) of the nine most significant intrusive layers constituting the complex (along with 
thickness of the intervening and overlying strata), were determined by the measurement of 
cross sections (Rocchi et  al., 2002). Thickness values of individual layers vary over an order 
of magnitude from 50 to 700 m. Diameter values (L) for each layer were approximated from 
the maximum horizontal exposed length. Layers exposed in central Elba have N-S strikes 
with lengths between 2.4 and 10 km, while in western Elba they have NE-SW strikes and 
lengths between 1.6 and 9.3 km (Rocchi et al., 2002). The maximum diameter of any 
individual layer varies by nearly  an order of magnitude from 1.6 to 10 km. All nine of the 
main Elba laccolith layers have large aspect ratios (diameter/thickness) varying from 12 to 
33. Volumes were calculated by approximating the shape of each laccolith layer to a spherical 
cap  with height equal to thickness (T) and diameter equal to maximum length of the body (L). 
The resulting values vary over more than two orders of magnitude, from 0.1 to 24 km3 
(Rocchi et al., 2002).
Relationships between the dimensional parameters of the layers constituing the Elba 
laccolith show a significant exponential/power law correlation between thickness and 
diameter. This correlation does not fit the known dimensional distribution for laccoliths 
(McCaffrey and Petford, 1997) but instead fits a line with a slope typical of the theoretical 
vertical inflation stage of laccolith development. Each intrusive layer is thought to represent 
only part of a complete laccolith and was interpreted as the first reported natural example of 
the occurrence of a vertical-inflation stage during laccolith growth (Rocchi et al., 2002).
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2.4.5 - “Rise and fall” of the Christmas-tree laccolith complex.
The present setting of the Elba intrusive complexes is the result of the intrusive and 
tectonic-gravitational evolution that took place mainly during the late Miocene. This 
evolution consisted in the build-up of an intrusive complex in western Elba soon followed by 
its fast tectonic gravitational dismemberment (an analogous sequence of intrusive tectonic 
events took place in eastern Elba at the very end of the Miocene):
A.Build-up  of the Multilayer Laccolith Complex: the igneous sequence of western-central 
Elba started with the construction of the multilayer laccolith complex (Christmas three 
laccolith)
B.Emplacement of the Monte Capanne Pluton and Orano dykes: the deepest layers of this 
complex were then intruded and/or deformed by the Monte Capanne pluton. After that, about 
200 mafic dykes of the Orano swarm were emplaced, cutting through the entire succession. 
Figure 2.8 - Emplacement of the western-central Elba intrusive complex. Rise of the nested Christmas-tree 
laccolith complex, emplacement of Monte Capanne pluton and Orano dyke swarm. The Nasuto microgranite is 
not reported, owing to the small size of this intrusion. Modified from Westerman et al. (2004).
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C.Tectonic Splitting of the Intrusive Complex: shortly after the intrusion sequence was 
completed, the upper part of the igneous-sedimentary complex was tectonically translated 
eastward along the Central Elba Fault (CEF), so that the lower part  is presently found in 
western Elba, while the upper part is in central Elba (Westerman et al., 2004). The minimum 
amount of displacement along the central Elba fault (CEF) has been constrained to about 8 
km with an average fault slip rate in excess of 5-6 mm/yr. The eastward displacement of the 
Figure 2.7 - Fall of the nested Christmas-tree laccolith 
complex due to the emplacement of the Monte Capanne 
pluton and progressive stages of décollement.
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upper part of the complex is at least partly linked to gravitational instability: in fact in about 1 
Ma, a 2,700 m thick tectonostratigraphic section was inflated by the addition of at least  2,400 
m of laccolithic intrusions, leading to a total thickness for the new section of about 5,000 m. 
The emplacement of the Monte Capanne pluton beneath this dome caused oversteepening and 
triggered the main eastward displacement of the upper section.
D.Tilting of the translated complex: the transfer of the load from above Monte Capanne 
towards central Elba promoted movement on the east-dipping Eastern Border fault as the 
unloaded pluton rose and the thickened central Elba section subsided. Final movement on the 
Eastern Border fault  took place entirely in the brittle regime, truncating the Central Elba fault 
and leading to the anti-clockwise tilting (~ 30o) of the entire translated sequence along the 
EBF.
2.4.6 - Geochemical and isotopic characteristics of the Elba intrusives
The intrusive units of the Elba igneous complexes display limited intra-unit compositional 
variations, but significant interunit geochemical variability (Dini et al., 2002). The intrusive 
units of the western Elba multilayer laccolith complex are more acidic than the Monte 
Capanne pluton. The Capo Bianco aplite has extremely low TiO2, FeOtot, MgO and CaO, 
and a strong peraluminosity  (average ASI = 1.42 ± 0.10, Table 5.2). Major element chemistry 
of the monzogranitic Portoferraio porphyry (ASI = 1.18 ± 0.07) and San Martino porphyry 
(ASI = 1.22 ± 0.16, Table 5.2) overlap in every respect, although Portoferraio rocks are, on 
average, more alkaline and richer in SiO2 and Al2O3 and have biotites with lower Fe no. 
(Fig. 5.2). The Monte Capanne pluton has a monzogranite composition and slightly 
peraluminous character (average ASI = 1.11 ± 0.05 1sd).  The late-plutonic felsic products are 
chemically  distinct from the Monte Capanne pluton and from each other (Fig. 5.1). The 
peraluminous Cotoncello dyke sample (ASI = 1.16) plots close to the silica-rich end of the 
Monte Capanne field and overlaps the compositional fields of the Portoferraio and San 
Martino porphyries. The post-plutonic Orano dyke swarm includes two compositional groups, 
monzogranitic samples from the core of thick zoned dykes, and granodioritic samples from 
borders of those dykes and from unzoned dykes (Table 5.1; Fig. 5.1). The Orano porphyry has 
the lowest SiO2 content of the Elba intrusive units and very distinctive overall trace element 




The intrusive and chronological relationships of the Elba igneous complex, coupled with the 
overall geochemical features and the strongly  variable isotopic ratios, allow recognition of 
three isotopically distinct groups of rocks (Dini et al., 2002). 
Group 1: characterized by low εNd(t) values between –9.5 and –10.0 and strongly variable 
Sr isotopic ratios (0.7115 - 0.7228) (Capo Bianco aplite, Nasuto microgranite and 
Portoferraio porphyry, along with the late-plutonic Cotoncello dyke)
Group 2: isotopically  homogeneous with relatively high ε Nd(t) values between -8.1 and 
-8.9, and 87Sr/86Sr varying in the range 0.7131 - 0.7162 (Figs. 5.4 and 5.5) (San Martino 
porphyry, the Monte Capanne pluton, the leucogranite dykes, and the mafic microgranular 
enclaves) 
Group 3: characterized by strongly variable isotopic compositions, including the lowest Sr 
and highest Nd isotope ratios of the complex: εNd(t) varies between –7.0 and –10.1, and 
initial Sr isotopic ratios ranges between 0.7114 and 0.7138 (Orano dykes).
Figure 2.8 - ASI (Alumina Saturation Index) vs εNd(t) showing isotopically distinct groups of rocks from the 




The general igneous framework of western-central Elba consists of an acidic laccolith 
complex intruded by a monzogranitic pluton and a slightly younger swarm of more mafic 
dykes. 
Capo Bianco aplite, Nasuto microgranite and Portoferraio porphyry melts were produced 
without any chemical contribution of mantle melts, with melting of a crustal source probably 
linked to late Miocene lithospheric thinning and decompression, following earlier Oligocene- 
Miocene orogenic overthickening.
After a period of quiescence, the volumetrically important phase of hybrid magmatism 
began , involving mantle-derived mafic magmas and peraluminous crustal melts (San Martino 
porphyry and Monte Capanne pluton). Mantle magma involved in this phase is never directly 
represented, being present most prominently as hybrid products preserved in mafic 
microgranular enclaves and the crustal component of the hybridization was derived from a 
different crustal source than the peraluminous melts of the first phase. 
Finally, Orano magmas were generated from strongly  modified mantle, as products distinctly 
different than those involved in the earlier main hybridization process. 
The magma formation processes recorded between ca. 8 and 6.8 Ma by the Elba magmatism, 
changed from crust-, to hybrid-, to mantle-dominated, as the Apennine fold belt was 
progressively thinned, heated and intruded by mafic magmas during late Miocene time. 
Figure 2.9: Schematic model for the genesis of late Miocene intrusive complex of Elba Island through time. The 
different crust- and mantle-derived sources involved in the genesis of sub-volcanic and plutonic rocks are 
summarized. Abbreviations: MME - mafic microgranular enclaves, i.r - initial isotopic ratio, fract. cryst – 
fractional crystallization. Modified from Dini et al. (2002).
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2.4.8 Pre-emplacement K-feldspar–biotite growth
Understanding the timing of megacryst formation and the origin of their distribution in the 
Monte Capanne are pivotal in efforts to answer emplacement questions. The following 
observations, synthetised by Rocchi et  al. (2008), support the likelihood of an early, pre-
emplacement crystallization of the megacrysts in the Monte Capanne pluton: 
(1) the plagioclase and biotite euhedral crystals hosted in the megacrysts are distinctly  smaller 
(0.5-2 mm) than those in the framework of the rock (euhedral-subhedral crystals > 3 mm); 
the relationship between megacryst faces and included plagioclases and biotites suggests 
that synneusis occurred, during which free movement of the large growing megacrysts in 
a melt-rich magma was allowed; 
(2) the sudden change in slope in the K-feldspar CSD at a crystal size (L) of about 20 mm 
indicates a shift from low to high nucleation/growth ratio, suggesting low undercooling 
during the megacryst crystallization stage before the shallow emplacement; 
(3) the higher Ba and Sr and slightly lower Rb contents of megacrysts, with respect to the 
matrix K-feldspar, are indicative of earlier megacryst crystallization; 
(4) the large Sr isotopic differences between the megacrysts (0.717-0.719) and both the bulk 
granite and the matrix K-feldspar (~0.715) are evidences for an early megacryst origin.
(5) In the fast-cooling sub-volcanic units (San Martino laccolith and dykes) emplaced just 
prior to the Monte Capanne intrusive system, megacrysts are set in a very fine-grained 
matrix are in Sr-isotope disequilibrium with the matrix (Westerman et al., 2003). 
The integration of petrographic and chemical features of megacrysts with the textural 
characteristics of the mineral assemblages provides a crystallization history that provides 
evidence for distinct stages of formation, transfer and emplacement of magma (Fig. 7.7). 
• early pre-emplacement stage with nucleation and growth of tiny crystals of plagioclase, 
biotite and minor quartz 
• change in physico-chemical conditions with inhibition of their crystallization and K-
feldspar dominion in the liquidus assemblage. 
• low undercooling conditions leading to a K-feldspar growth-to-nucleation ratio high enough 
to form megacrysts. This megacryst growth occurred in the presence of high melt 




2.5 ) ORCIATICO LAMPROITE
2.5.1) An historic view Orciatico 
Orciatico is a very small town in the center of Tuscany (few km NW of the town of Volterra) 
on a small hill 313 m height.
The area was known since Etruscan times but probably the origin of the town can be 
attributed to the Lombard period. However the historical events of Orciatico can be followed 
from 1186 when it was under the rule of Ildebrando of the Pannocchieschi, bishop of Volterra. 
After that, it was occupied by a Pisa nobleman (Peter Gaetani) who made Orciatico part of 
Florence’s dominon. In 1434 Orciatico rebelled against the Florentine dominion, trusting in 
the aid of Niccolo Piccinino but in that same year the Florentines reconquered the rebellious 
castles, and Orciatico came dismantled for reprisal. The Pieve of Orciatico has remote 
origins, having surely memoirs from 1204. Reconstruction started at beginning of XVI 
century and it was consecrated in 1509 from Contugi archbishop. 
In the vicinity  of Orciatico, in called locality «Borboi» there is the presence of one «Mofeta». 
The «mofete» are natural carbon dioxide emissions of geothermal origin that naturally create 
conditions similar to those that would exist on the entire land surface in case of increasing of 
the greenhouse effect. Their importance is due to the fact that the phenomenon has been 
active for centuries, and therefore biological adaptations have already taken place. Similar 
conditions are difficult to study  in other way. It is notewhorty that in some of these localities 
exist new species of animals and vegetables acclimatized to the new conditions.
2.5.2) General features: structure, petrography, geochemistry
The Orciatico body crops out near the town of Orciatico. Its emplacement was probably 
controlled by the NNW-SSE trending faults related to the post-tectonic extensional regime. 
It yields an emplacement age of 4.1 Ma (Borsi et al., 1967), which overlaps with the 
youngest rocks from Tuscan Magmatc Province.
Stefanini (1934) described very minutely  the texture of the lamproite (terming it 
“selagite”) , the texture and the fossils content of the host  rock (terming it “termantite”), 
the relationship  between magma and host rock, the geometry  of the intrusive complex and 
gave a very modern interpretation of the emplacement mechanisms.
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Figure 2.10 - Geological map of Orciatico laccolith (Stefanini, 1934) and geological sections showing : i) 
the lateral feeding by the sub-vertical dike and ii) the asymmetrical laccolithic shape
The main body has a general laccolithic  shape and is linked to a NNW-SSE  elongated 
subvertical dyke (same orientation of the NW-SE limiting faults of the regional graben) 
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that is situated to the SE of the laccolith. According to Stefanini (1934) the dyke continues 
northward bordering the eastern part of the laccolith in the southern portion and cutting it 
in the northern portion. Following the Stefanini interpretation (1934), the dyke fed laterally 
(toward west) the laccolith in the southern part and bilaterally the laccolith in the northern 
part (both toward west and east).
The connection zone has a complex structure composed of small stoped blocks and roof 
pendants of country  rock surrounded by lamproite. The intrusion is hosted into shallow 
level thermo-metamorphosed Pliocene sediments (“termantite”) and it generally dips 
15o-30o toward the east. Stefanini (1934) established that the general thickness of the main 
body is ~ 40-50 m and the emplacement level was at ~ 100-200 m of depth. 
The Orciatico lamproite is a dark-coloured rock with an external portion with the 
typical characteristics of a chilled margin (with texture varying from glassy  to slightly 
porphyritic) and an inner part of the body  with a massive holocrystalline texture. At the 
contact with the igneous body, the country rocks underwent thermal metamorphism in the 
pyroxene-hornfels facies. The rock is characterized by the presence of microphenocrysts of 
olivine (Fo90-75), phlogopite and Al-poor diopside (Al2O3 ~ 0.5 wt%) (Conticelli et al., 
1992) set in a groundmass consisting of the same phases plus sanidine, glass, and 
accessory  K-richterite, rutile, ilmenite and chromite. Some of the high-MgO olivine 
crystals show evidence of corrosion and kinking, and are probably xenocrysts resulting 
from disaggregation of high-pressure ultramafic xenoliths  (Peccerillo et al. 1987, 1988; 
Conticelli and Peccerillo 1992; Conticelli et  al. 1992). Another texturally important feature 
is the presence of large vesicles (up to 17.5 cm) mainly concentrated in the dyke and in the 
connection zone.    
In general Tuscany lamproites are mafic, ultrapotassic and silica oversatured rocks with 
low CaO, Na2O, and Al2O3 and high Mg# (Mg/Mg+Pe atomic ratio = 75-80), Ni (up to 
350 ppm), Cr (up to 800 ppm) LILE and ratios of LILE/HFSE (Peccerillo et  al., 1988; 
Conticelli et al., 1992; Conticelli, 1998).  The mantle normalized incompatible element 
patterns and Sr, Nd, Pb isotopic compositions resemble those of some upper crustal rocks 
(Peccerillo et al., 1988; Conticelli, 1998; Conticelli et al., 2001).  Their mafic composition 
and the Mg#, Ni and Cr contents often are well within the range of mantle equilibrated 
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melts (Peccerillo et al., 1988) and they display high K20 and MgO, and low Al, Na and Ca 
that indicates a genesis in an upper mantle that was depleted in these elements. 
2.5.3) Petrogenesis of Orciatico lamproites
Geochemical and isotopic data suggest that these magmas originate from partial melting 
of an harzburgite (opx + olv; scarse cpx) while the clinopyroxene was lost during previous 
melting events (Peccerillo, 2003). Experimental evidence demonstrates that melts derived 
from a phlogopite-bearing peridotite at 1.0-1.5 GPa are silica-saturated to oversaturated, 
whereas they become undersaturated in silica with increasing pressure of melting (Foley, 
1992). This has led to the conclusion that the silica oversaturated high silica lamproites 
from Tuscany were formed from a residual harzburgitic (lithospheric) mantle that has 
suffered an early extraction of basaltic magma before being affected by  metasomatic 
introduction of potassium to form phlogopite (e.g. Peccerillo et al. 1988; Conticelli et al. 
2002) which occurrs in the upper mantle due to either contamination or metasomatism 
events. Incompatible trace element and radiogenic isotope data provide important evidence 
o n t h e n a t u r e o f t h e 
metasomatic modifications of 
the lamproitic source. 
Peccerillo et al. (1988) 
noticed that incompatible 
element patterns of Tuscany 
lamproites resemble very 
closely the pattern for upper 
crustal rocks (e.g. Tuscany 
g n e i s s , D o r a M a i r a 
metagranites, pelites, etc.), 
although lamproites showa 
more pronounced element 
enrichment (Conticelli et al. 2002). Sr-, Nd-, Pb- and Hf-isotope ratios also fall close to or 
within the field of crustal rocks. Although assimilation of wall rocks was a process that 
certainly occurred during magma ascent (dilution effect on most  LILE abundances), it  is 
unable to explain the crustal signatures of these rocks (Conticelli, 1998). Therefore, the 
Figure. 2.11 - Mantle normalised incompatible element 




only alternative is that upper crustal rocks (e.g. metapelites) were introduced into the upper 
mantle contaminating the source of the magmas. Additionally, the mantle-normalised 
incompatible element patterns of Tuscany lamproites are similar to those of gneisses and 
schists in almost  every detail. This has been interpreted as evidence for addition of bulk 
upper crustal material to the mantle, with little element fractionation during metasomatism 
and the subsequent partial melting (Peccerillo 2002). Tilton et al. (1989) suggested that the 
isotopic signatures of western Mediterranean lamproites may be related to mantle 
contamination by upper crustal material with a composition similar to that of the deeply 
subducted Dora Maira rocks. The Western Alps, Corsica and Tuscany lamproites resemble 
strikingly the metagranites from the Dora Maira massif (Fig. 3) which subduction may 
have occurred during east-directed Alpine subduction process of European plate beneath 
African continental margin (e.g. Doglioni et al., 1999).
Figure 2.12.  - Schematic diagram 
showing sequence of subduction, mantle 
contamination and calc-alkaline to 
lamproite magma formation in Tuscany. 
Stage 1: subduction processes during 
Alpine collision between Europe and 
Africa brought upper crustal material 
(e.g. Dora Maira metagranites) into the 
lithospheric mantle beneath the African 
margin. Stage 2: subduction inversion 
from Oligo-Miocene to present generated 
opening of backarc basins behind 
westerly dipping Adriatic plate, and 
triggered decompression melting of 
anomalous mantle contaminated during 
Alpine collision, to generate calc-alkaline 





Fabric Analysis - Methods
3.1) INTRODUCTION
In igneous rocks, the kinematics of formation of rock structures, that  is the displacements that 
have occurred in producing them, are expressed by the geometries, distributions and preferred 
orientations of crystals, enclaves and vesicles referred to as fabrics (Fernandez and Laporte, 
1991). A planar fabric defines a magmatic foliation while a linear fabric defines a magmatic 
lineation.  Magmatic fabrics are reported as the 
preferred dimensional orientations (PDO), shape 
preferred orientations (SPO) and lattice preferred 
orientations (LPO) of particles (Blumenfeld and 
Bouchez, 1988; Benn and Allard, 1989; 
Fernandez and Laporte, 1991; Ildefonse et al., 
1992a; Ildefonse et al., 1992b). Finite 
arrangements and shapes of magmatic fabrics are 
controlled mainly by: (i) the viscosity  contrast 
between markers and matrix; (ii) the aspect 
ratios of the markers; (iii) their initial 
distribution/concentration and (iv) the 
deformation history  (or magma flow) (Fernandez and Laporte, 1991; Ildefonse et al., 1992a; 
Ildefonse et al., 1992b).
The structures most likely to be useable for determination of magma flow directions vary 
with magma composition. For many  cases, macroscopic features like scour marks and 
alignment and tiling of phenocrysts, enclaves and vesicles are useful criteria (Knight and 
Walker, 1988; Philpotts and Asher, 1994; Baer, 1995; Philpotts and Philpotts, 2007).
The arrangement of such flow indicators is usually studied taking into account the stress field 
directly  related to magma driving pressure (Blanchard et al., 1979; Shelley, 1985) and non-
Figure 3.1 - Sketch diagrams illustrating the
concept of magmatic lineation and foliation
(from Geoffroy et al., 2002)
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coaxial shear is generally considered to be the dominant kinematic flow type in shallow 
intrusive rocks and magma transport (Shelley, 1985; Blumenfeld and Bouchez, 1988).
3.2) MAGMATIC FABRIC ACQUISITION
The measurement of the magmatic fabric can be done directly in the field or  in the laboratory 
(using statistical countings on saw-cut sections or on thin sections) following the collection of 
oriented samples in the field. If the particles in the field present a 3D exposure, the 
measurement in the field is easier and more accurate. The foliation plane can be determined 
by measuring the orientation of the largest  face of a crystal  or of the flattening surface of a 
vesicle or an enclave. The lineation is measured as parallel to the longest axis of the particle, 
when the markers are elongated (such K-feldspar megacrysts, amphiboles or elongated 
vesicles/enclaves). Where the exposure of the particles isn’t good enough to define  the main 
axis and the main face, the foliation can be determined by measuring the orientation of the 
average plane intersecting at least two natural section planes parallel to the crystal trace 
determined on natural or cut-in-lab section planes. Then, one surface (natural or artificial) 
parallel to the foliation plane is looked for, in order to find out whether crystals define a 
lineation by  their statistical orientation in a direction on this plane. When the particles are 
tabular but not elongated (e.g., a population of biotite grains), deciphering the lineation may 
be difficult. In this case, the lineation is given by  a “zone axis”, defined as the axis around 
which the largest  faces of crystals are statistically arranged. The zone axis is generally  found 
to be parallel to the lineation directly  measured for other minerals (K-feldspar megacrysts, 
amphiboles, etc.). 3D analogue experiments of biotite fabric evolutions indicate that the zone 
axis is likely to be close to the maximum principal finite stretch (Arbaret et al., 1997). This is 
apparently  due to a predominance, at the grain-scale, of vorticity  parallel to the flow line over 
vorticity  perpendicular to it, attesting that the overall strain regime is close to simple shear, 
otherwise clearly defined angular obliquities between the zone axis and the stretch axis would 
be observed (Schulmann et al., 1997). 
53
Fabric analysis - Methods
Figure 3.2 - Magmatic fabric defined by tabular crystals (as biotite). Note that lineation is given by a “zone 
axis”, defined as the axis around which the largest faces of crystals are statistically arranged.
These traditional methods can be time-consuming and sometimes it is difficult to obtain good 
data for the low quality  of the outcrops, inappropriate orientations of the observation planes 
or simply for the presence of weak fabrics. 
3.3) MAGNETIC FABRIC TECHNIQUES (Tarling and Hrouda, 1993)  
Magnetic fabric techniques are widely used to measure the petrofabric of igneous, 
metamorphic and sedimentary rocks for their speed, precision and cheapness. The method 
requires: a) the collection of oriented rock samples; b) the preparation of standard-size cores; 
c) the determination of the strength of the magnetization acquired by the sample in a 
magnetic field applied at different orientations. The attitude of the magnetic fabric can then 
be interpreted in the same way as other petrofabric techniques because it  reflects the net 
shape of the magnetic grains, the degree of their crystalline alignments and/or the distribution 
of grains.
3.3.1) AMS
AMS is a low cost, quick, easy and non-destructive technique that gives a quantitative 
description of the crystalline fabric of a rock. It describes the variation of magnetic 
susceptibility with direction within a material and represents the contribution of all the rock-
forming minerals. In a few rocks the magnetization induced in a symmetrically  shaped 
specimen always has the same strength, irrespective of the direction in which a weak field is 
applied (magnetically isotropic rocks) while in most rocks the strength of the magnetization 
54
Fabric analysis - Methods
induced by  a weak field depends on the orientation of the sample within the field 
(magnetically anisotropic rocks).
The AMS is the tensor which relates the intensity of the applied field (H) to the acquired 
magnetization (M) of the material through the equation: Mi = KijHj, in which the 
proportionality Kij is a symmetrical second-rank tensor referred to as the susceptibility  tensor 
and can be simply  visualized as a susceptibility ellipsoid. This tensor is expressed by  its 
principal eigenvalues (susceptibility magnitudes) and eigenvectors K1>K2>K3 whose 
orientations represent respectively the maximum, intermediate and minimum axes of the 
susceptibility ellipsoid. The K1 axis usually  represents the magnetic lineation while K3 is the 
pole of the magnetic foliation (the plane defined by  K1 and K2 axes).  AMS is usually 
determined from measurements of susceptibility in a weak field (1 mT).The magnitude of this 
anisotropy  depends on two factors: the anisotropy  of the particles themselves and the degree 
of their alignment. The anisotropy of the individual particles comprises two components: 
crystalline and shape anisotropy. 
Crystalline anisotropy: the magnetization aligns  along specific crystalline axis or plane 
(termed the “easy axis” or “easy plane”) for the presence of lattice forces that align the 
electron spins readily along that directions (paramagnetic minerals, haematite, etc.).
Shape anisotropy: the magnetization is preferentially  oriented on the long axis of the grain 
minimizng the internal magnetostatic forces due to the alignment of the electron spins by an 
applied field that creates north and south magnetic poles at opposite points on the surface of 
each grain (magnetite).
There are, however, major differences between the anisotropic responses of these minerals 
that are determined by their respective grain sizes. The shape anisotropy of a ferromagnetic 
grain can differ radically depending on whether it is multi- or single-domain because of the 
markedly different hysteresis loops of such domains. When a weak field is applied along the 
long axis of a single-domain grain the grain has effectively  zero low-field susceptibility 
parallel to its long axis, while having greatest susceptibility when the field is applied 
perpendicular to the long axis. This is the reverse of the shape-anisotropy relationships that 
are observed in a multidomain grain, in which the susceptibility is greatest  along the long axis 
and weakest perpendicular to it. 
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A further complication is that the ferromagnetic grains in a rock may  interact magnetically, 
and it is another factor that makes it essential to establish the compositions, sizes and physical 
relationships of grains before attempting any geological interpretation of magnetic fabrics. 
Statystical analyses of AMS data
A statistical evaluation of magnetic anisotropy data is necessary because dealing with relevant 
tensors does not provide the visual information required for most geological and geophysical 
interpretation. 
The mean (average) susceptibility of a single specimen is equivalent to the mean value of the 
integral of the directional susceptibility over the whole specimen (Nagata, 1961) and is given 
by: Km=(K1+K2+K3)/3
 
Numerous parameters have been defined both for the quantification of the magnitude of 
anisotropy and for defining the shape of the ellipsoid. Most are not normalized and 
comparisons of such parameters between different lithologies, or between different localities, 
can be extremely difficult or also misleading. 
(a) Magnitude of the anisotropy
The classic parameter is known as the anisotropy degree (Nagata, 1961): P = K1/K3 
But this parameter depends on variations in the total susceptibility  and a new parameter 
(“normalized anisotropy degree”) has been proposed (Owens, 1974): H = [(K1-K3)/Kmean].
A new “universal” parameter is the “corrected anisotropy degree” (Jelinek, 1981):
Pj = exp ((2*((n1-nm)2 + (n2-nm)2 + (n3-nm)2 )) 1/2)    where ni= ln Ki and nm= (n1+n2+n3)/3
The parameter PJ is based on logarithmic values of susceptibility, which are more appropriate 
in view of the lognormal distribution of this property. More importantly, it  incorporates both 
the intermediate and mean susceptibility rather than just  the maximum and minimum values 
and is thus a more informative parameter.
(b) Shape of the anisotropy ellipsoid
The eccentricity of an ellipsoid has been expressed both in terms of differences and/or of 
ratios between the axial values. 
Lineation (Balsley and Buddington, 1960): L = K1/K3
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Foliation (Stacey, 1960): F = K1/K3
Normalized Lineation (Khan, 1962): L=(K1-K2)/Kmean
Normalized Foliation (Khan, 1962): F=(K2-K3)/Kmean 
Other parameters have been 
published that  combine lineation and 
foliation parameters to provide a 
single measure of both properties. In 
particular it has been widely used 
the shape parameter proposed by 
(Jelinek, 1981):    T = [2ln(K2/K3)/
(ln(K1/K3)]-1
T is preferable to most other overall 
shape parameters as it includes all 
three principal susceptibilities in its 
calculation and is symmetrical in its 
distribution of values over the fuil 
range of ellipsoid shapes: oblate 
(disk) shapes correspond to 0 < T < 
1, while negative values, -1 < T < 
0, correspond to prolate (rod) 
shapes.
In general the parameters proposed 
by Jelinek (1981) are statistically 
more accurate and precise and 
avoid the confusion between F and 
L of different authors.
Figure 3.3 - Plotting of anisotropy directional data on a 
stereographic projection. Maximum principal axes,  Kmax, 
are plotted as squares; intermediate principal axes,  Kint, as 
triangles; minimum principal axes, Kmin, as circles. (a) In 
triaxial ellipsoids the three principal axes form distinct 
groups. (b) In prolate ellipsoids have their maximum axes 
well grouped and intermediate and minimum axes 
distributed within a girdle at 90o from the maximum 
directions. (c) Oblate ellipsoids show well-grouped 
minimum axes and their maximum and intermediate 
directions fall within a girdle 90o from the minima (from 
Tarling and Hrouda 1993).
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3.3.2) AMR
The Anisotropy of magnetic remanence (AMR) is increasingly  being applied to 
palaeomagnetic and structural fabric studies. AMR techniques measure the anisotropy of the 
remanence carrying particles, and thus are directly relevant to palaeomagnetic studies 
concerned with computing the direction and intensity of the Earth's ancient magnetic field 
from the natural remanent magnetization (NRM) recorded in anisotropic rocks. 
It is possible to use different AMR methods: AARM (anisotropies of anhysteretic remanent 
magnetization), AIRM  (anisotropies of isothermal remanent magnetization), GRM 
(gyroremanent magnetization) and RRM (rotational remanent magnetization).
The anisotropies of anhysteretic remanent magnetization (AARM) and isothermal remanent 
magnetization (AIRM) are currently the most  commonly  applied types of AMR, since they 
have provided reasonably good analogues of the anisotropy of thermoremanent magnetization 
(ATRM) acquired in the Earth's field. AIRM  is the most rapid AMR technique, and is 
particularly useful for very low concentrations of remanence carrying particles. The 
gyroremanences, gyroremanent magnetization (GRM) and rotational remanent magnetization 
(RRM), are preferentially acquired by stable single-domain (SD) particles, and are thus 
directly  relevant to the particles of major interest in palaeomagnetism. GRM anisotropy is the 
most sensitive AMR method. It is essentially  the remanence equivalent of the anisotropy of 
magnetic susceptibility  (AMS) delineator, since a single application of an alternating field 
will only produce a GRM  in a sample containing an anisotropic distribution of particles. 
Static ARM  methods need to take account of components of GRM that are simultaneously 
acquired.
3.3.3) Theory of magnetization
Magnetization arises from the motion of electrically charged particles and in particular it  is 
associated to the axial spin of the electrons and to their orbital motion around a nucleus: for 
this reason all materials have magnetic properties at temperatures above absolute zero (0 K).
Rocks can have different magnetic behaviours depending on the lattices into which iron (that 
is the principal element responsible for the magnetic signal) atoms enter: diamagnetic, 
paramagnetic, ferromagnetic s.l. (ferromagnetic s.s., ferrimagnetic, anti-ferromagnetic).
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Diamagnetic minerals: materials are termed diamagnetic when the electron shells are 
complete (even atomic numbers) and applying an external magnetic field the electron spins 
precess and produce a magnetization in the opposite direction to that of the applied field, but 
such alignment is lost as soon as the 
external magnetizing field is removed. 
Diamagnetic substances therefore have 
negative susceptibilities as the field 
produced is in the opposite direction to 
that of the applied field and their 
susceptibilities are often in the region 
of - 10-5 (SI) for common rock 
minerals. 
Paramagnetic minerals: materials are 
termed paramagnetic when they have 
incomplete electron shells and, in an 
applied field, their electron spins 
precess to give a magnetic moment 
that has the same direction as the 
applied field.  Paramagnetic minerals 
have positive susceptibilities that 
extend over several orders of 
magnitude, mostly 10-2 to 10-4 (SI) for 
t h e c o m m o n r o c k - f o r m i n g 
minerals.For both paramagnetic and 
diamagneic minerals, the strength of 
the induced magnetization (M) can be 
directly  related to the strength of the 
applied field (H), the constant of 
proportionality being the susceptibility 
(K); thus, the magnetization, M, is 
given by B
Figure 3.4 -  (from Tarling and Hrouda, 1993) 
Different forms of magnetisation. The left-hand 
diagrams in the pairs of illustrations show the 
magnetisation (hollow arrow) that a substance acquires 
when in an applied magnetic field (solid arrow), while 
the right-hand diagrams illustrate the magnetisation 
present after the field has been removed. (a) 
Diamagnetic materials become weakly magnetised in 
the opposite direction to that of an applied field, but 
electron spins randomise on removal of the field. (h) 
Paramagnetic materials become weakly magnetised in 
the same direction as that of an applied field, but also 
become randomised on its removal. (c) Ferromagnetic 
materials acquire and retain (after the removal of the 
f i e l d ) a v e r y s t r o n g m a g n e t i z a t i o n . ( d ) 
Antiferromagnetic materials have antiparallel magnetic 
alignments; such materials have no external magnetic 
field after removal of the applied field; (e) the 
alignments within ferrimagnetic materials are anti-
parallel but not exactly of the same magnitude, so they 
retain a weaker external magnetization than a 
ferromagnetic material after the applied field is 
removed.
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M = K x H = K x (B/µo)
where M  is the magnetic dipole moment per unit  volume (in A/m), H is the magnetic field 
strength (A/m), B is the magnetic field measured in Tesla and µo is the penneability  of free 
space (4π x 10-7 henry/m).
Ferromagnetic s.l.: The term ferromagnetism sensu lato distinguishes this broader definition 
from one of its subdivisions that is ferromagnetism sensu stricto. Materials are termed 
ferromagnetic s.l. when their electron spins are spontaneously coupled in a way that aligns all 
the individual spin magnetizations even in the absence of an externally applied magnetic field 
(spontaneous magnetization). Ferromagnetic s.l. materials have much stronger positive 
susceptibilities than paramagnetic materials and may also carry  a magnetization after the 
external magnetizing field is removed (remanent magnetization).The electron spins in 
ferromagnetic materials are linked by two forms of quantum-mechanical coupling forces: 
exchange and super-exchange. The exchange force couples the electron spins of adjacent 
cations with the consequence that  the magnetic vectors all lie in the same direction and it is 
typical of the metallic transition elements (such as iron, nickel and cobalt) and their 
compounds. Materials that present such force and such magnetic behaviour are called 
ferromagnetic s.s.
The coupling force is termed super-exchange force if it extends over an intermediate anion  of 
more complex compounds (such as oxides of the first  transition series of elements). The 
directions of the electron spins in the adjacent cations are reversed, creating two oppositely 
magnetized, but intimately mixed, lattices within the ferromagnetic material. 
Substances are termed antiferromagnetic if the two lattices are equally strongly  magnetized 
and mineral grains in which they occur will have no net magnetization.
Substances are named ferrimagnetic if one lattice is more strongly magnetized giving to the 
mineral grain a net magnetic field (e.g. magnetite).
Substances exhibits a parasitic magnetism if one of the two magnetic lattices is slightly more 
magnetic than the other or the two magnetic lattices may not be exactly anti-parallel, usually 
because they contain consistent defects (e.g. haematite).
The ferromagnetic materials are characterized by magnetic domains that are volume elements 
(~ 1 µ m) where the magnetization is uniform in direction and is aligned with specific 
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crystallographic axes (magnetically  'easy' axes). Each domain has a north and a south pole at 
opposite points on its surface and are separated by a narrow barrier called a Bloch wall within 
which the orientation of the electron spins changes from the direction in one domain to that of 
the other. Small crystals ( ~ 1 µm) are composed by only one domain and are named single-
domain grain while larger grains ( > 100 µm ) are composed by a number of volume elements 
with its magnetization aligned along the 'easy' axes are developed and they are termed multi-
domain grains. The magnetic behaviour of a single-domain particles is significantly different 
from that of one containing multi-domain particles, even if the composition and total quantity 
of the ferromagnetic materials are the same. In the absence of external aligning forces the 
domains arrange themselves to minimize the magnetostatic energy associated with their 
surface poles. 
In some multidomain grains the presence of crystal lattice imperfections means that some 
domains cannot interact as simply with neighbouring domains as in more perfect multidomain 
particles; the magnetic behaviour is then closer to that of single-domain particles and is 
termed pseudo-single-domain behaviour (grain volume is larger than one, but smaller than 
three, domain volumes).
3.3.4) Magnetic minerals: 
Ferromagnetic (s.l.) minerals
Ferromagnetic minerals can be devided in some categories: a) cubic iron oxides (magnetite, 
titanomagnetite and titanomaghemite), b) rhombohedral iron oxides (hematite and 
hemailmenite), c) iron hydroxides, d) iron sulphides and sulphates.
a) The main cubic iron oxides are magnetite, titanomagnetite and titanomaghemite. These 
minerals have a unit cell of 32 oxygen ions and 24 cations: 16 cations occupy octahedral 
sites, 8 cations occupy  the tetrahedral ones. Some of the cation positions can also remain 
vacant or to be filled by impurity cations for the presence of oxygen ions. Each of the lattices 
is magnetized in opposite directions and minerals with more than 8 Fe cations in the 
octahedral lattice behave as ferrimagnetic minerals and their spontaneous magnetization will 
be high as high is the number of Fe cations.
Magnetite  (Fe304) is one of the most important  magnetic minerals. It has eight Fe3+ cations 
in each of the tetrahedral and octahedral sites and an other eight Fe2+ cations in the 
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octahedral sites. The Curie 
temperature is 578°C but  it 
generally  decreases with the 
presence of impurities. The 
magnetic anisotropy of magnetite 
is completely  dominated by grain 
shape. The properties of both 
l o w - f i e l d a n i s o t r o p y a n d 
remanent magnetization are 
particularly affected by grain size, 
especially by the change from 
single- to multi-domain structure 
while the high-field anisotropic 
properties depend more on 
compositional variations. 
In the titanomagnetite solid-
solution series (Fe3-xTix04 for 
0<x<1) the titanium (Ti4+) 
content is accommodated in the 
octahedral sites replacing Fe3+. 
At the ulvospinel composition (complete replacement of Fe with Ti) the two lattices are 
magnetically balanced, with the result  that ulvospinel is an antiferromagnetic mineral.  The 
Neel (Curie) temperature decreases, almost linearly, from 578°C to -153°C along the solid-
solution series. On very rapid cooling the composition may be preserved, but further cooling 
usually  causes this intermediate solid solution to exsolve to form discrete intergrown lamellae 
of magnetite and ulvospinel (susceptible to further oxidation).
Titanomaghemites (xFeTiO3.(1-x)FezO3 for 0<x<1) solid solutions can form in magmas rich 
in oxygen at temperatures > 1000°C. They have the titanomagnetite crystal structures but an 
ilmenohaematites composition. Since the magnetic properties are controlled by the crystal 
structure, this series behaves magnetically as the titanomagnetite series, including the 
critically  important dependence of domain size on the shape of the individual grain. Members 
of the series on cooling invert  to form the two end-members (ilmenite and haematite/
Figure 3.5 (from Tarling and Hrouda, 1993) Ternary diagram 
for the iron-titanium oxides in magmatic rocks. Three main 
iron oxide solid solutions can exist in magmatic melts: the 
spinels (titanomagnetites), the rhombohedral oxides 
(ilmenohaematites) and the paramagnetic pseudobrookite 
series. The first two usually exsolve into relatively pure 
compositions of the magnetic iron oxides magnetite or 
haematite, together with the paramagnetic minerals ilmenite 
and rutile. Changes in the oxidation state of the cooling 
magma can cause the composition of the iron oxides to move 
towards the right (arrows), where the titanomagnetites form 
maghaemites.
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maghaemite). Since the structure is similar, the magnetic properties of maghemite (yFe2O3) 
are very similar to those of magnetite. Maghaemite can also be produced by the low-
temperature oxidation of titanomagnetites (moderate Eh conditions with presence of water). 
Natural maghaemite converts to haematite at temperatures in the range 300-350°C. 
Grain sizes is an important parameter in magnetic fabric studies when magnetite, 
titanomagnetite and maghaemite (Stephenson et al., 1986) are present. In fact the orientation 
of their maximum and minimum susceptibility  axes can be inverted when a stress is applied 
depending on their size. Multi-domain particles have maximum susceptibilities parallel to 
their long axes, while single-domain particles have the maximum susceptibility normal to the 
long axes. This arises because a single-domain particle cannot be magnetized along its long 
axis by a weak applied field, so it has effectively zero susceptibility along that axis and a 
maximum susceptibility along its short axis. It is evident that some knowledge of the grain 
sizes is required or that a reasonable assumption must be made if the carrier of the magnetic 
fabric is magnetite, particularly when interpreting magnetic anisotropy in magnetite-bearing 
rocks in terms of the direction of the applied stress.
b) As general rule the rhombohedral crystal structures should contain two magnetically 
antiparallel lattices of identical strength showing an antiferromagnetic behaviour with 
consequent absence of external spontaneous magnetization. However, the magnetic lattices of 
haematite and the hemailmenite  solid-solution series are not exactly  anti-parallel and show 
parasitic spontaneous magnetization. Its magnetic properties are strongly  affected by any 
imperfections (impurites and vacancies) within the crystal lattices which are less precisely 
defined than those of the cubic minerals. The ilmenohaematite (or titanohaematite) solid-
solution series (Fe2-xTixO3 for 0<x<1) shows a variation in magnetic properties with varying 
titanium content that is moderately well established: haematite contains entirely Fe3+ in its 
cation sites, while ilmenite has alternating layers of Fe2+ and Ti4+. 
c) Most of the iron hydroxides are paramagnetic and the main exception is goethite (a-
FeOOH), which has an estimated Neel temperature of 127°C. Goethite behaves 
ferrimagnetically  and has a magnetization greater than that of haematite but weaker than that 
of magnetite, although the intensity of magnetization is dependent on composition and grain 
size. Goethite can be particularly important in weathered and soil samples as a breakdown 
product of magnetite, pyrite and iron carbonates or the hydration of haematite. 
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d) Magnetic properties of iron sulphides are strongly affected by composition, impurities, 
distribution of vacancies within the lattice and grain size. Most  of these minerals are 
chemically  unstable on heating and for example, the Curie temperature of pyrrhotite (one of 
the most important  and abundant iron sulphides) is 320°C that is almost the same as the 
temperature at which it decomposes to magnetite during laboratory heating. Pyrrhotite is 
generally  more strongly magnetic than haematite, but its magnetic properties are largely 
related to the distribution of ordered and disordered vacancies within the lattice and these 
may change at still lower temperatures.
e) Some paramagnetic minerals as marcasite (FeS2) and pyrite (FeS2) are very unstable and 
can form a range of hydrous iron sulphates, some of which (coquimbrite, melanterite, 
siderotil, rosenite and szomolnkite) can be very magnetic (Deer et al., 1966).
In igneous rocks the iron oxides are among the first  phases to crystallize and, in general, all 
phases have crystallized by the time the temperature has fallen to about 750-800°C, although 
their chemical composition continues to adjust as the remaining melt evolves. As a broad 
generalization, most iron oxides in basic magmatic melts have an initial titanomagnetite 
composition that tends to be concentrated towards a solid solution of 50-60% ulvospinel and 
50-40% magnetite as the magma cools and solidifies from > 1200°C to about 800°C. During 
the cooling the composition of the melt usually becomes more oxidized and the composition 
of the iron oxides that are still forming will move towards those of the titanomaghaemites. 
These solid-solution grains have a titanomagnetite (spinel) crystal structure but a composition 
that approaches that of the ilmenohaematite solid-solution series, which is also characteristic 
of intermediate to acidic melts.
The theoretical 'magnetic' mineralogy of igneous rocks is, thus, simple as neither ilmenite nor 
ulvospinel is ferromagnetic at room temperature, while the other two end-members, 
magnetite and haematite, are usually in fairly pure (>95%) form and, thus, strongly 
ferromagnetic. Such a simple picture can be misleading as natural minerals contain a range of 
impurities that can render the magnetic properties inhomogeneous. The situation is also more 
complicated if sulphur is present because the magnetic properties of iron sulphides are 
particularly complex.
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Paramagnetic minerals
The most important paramagnetic minerals are the iron-bearing silicates (olivines, 
amphiboles, pyroxenes, biotite, chlorite, mica, etc.). The susceptibilities of paramagnetic 
mineral are low, typically around 5 x 10-4 (SI), but are very  uniform for different mineral 
species, varying only  with iron content. Their paramagnetic properties can be obscured when 
ferromagnetic minerals constitute only a few per cent of the total rock, although the magnetic 
anisotropies of some common paramagnetic minerals are much stronger than those of 
ferrimagnetic minerals.  The ellipsoids is usually based on crystalline alignment and whereas 
iron-bearing paramagnetic minerals break down to form new authigenic magnetic minerals - 
commonly haematite, maghaemite, magnetite or goethite - the crystalline orientation and 
shape of the new crystals often mimic the minerals being replaced.
Phyllosilicates (in particular micas) are common minerals in a large variety of rocks. In 
addition, they are the carriers of the AMS in many of these rocks (Hirt et al., 1993; Luneburg 
et al., 1999).
Phyllosilicates consist of composite sheets interconnetced by  van der Waal forces and each 
sheet is made by layers of (Si,Al)O4 with tetrahedral structure and layers of (Fe,Mg)O6 or 
(AlO)6 with octahedral structure. Different configurations of these two structures in each 
layer make up different  groups of phyllosilicate minerals (micas, serpentine, chlorite and clay 
mineral group). 
The commonest phyllosilicate in igneous rocks is biotite though some rocks (es. lamproites) 
have phlogopite as main phase. They are bothj micas, a group that forms the simplest group 
of phyllosilicates. Their general structure has an octahedral layer between two identical 
tetrahedral layers, or a 2:1 layer configuration. Biotite, forms a continuous chemical and 
structural series with phlogopite:
Biotite: K2(Mg,Fe2+)6 – 4 (Fe3+,Al,Ti)0 – 2 [Si6–5Al2–3O20] (OH,F)4 (Deer et al., 1966). 
Phologopite: K2(Mg,Fe2+)6 [Si6Al2O20](OH,F)4) (Deer et al., 1966).
Another important phyllosilicates is Chlorite since it forms from alteration of mafic minerals 
of igneous rocks. Chlorite group has a more complicated 2:1:1 structure. It  consists of a 2:1 
unit sheet with an additional single sheet of cations octahedrally  coordinated by hydroxyls. 
There are multiple variations of the Fe2 +, Fe3 +, Si or Mg content within the series as well 
as substitutions or alterations in the layered sequence. The general formula for chlorite is 
(Mg,Al,Fe)12[(Si,Al)8O20] (OH)16. (Deer et al., 1966).
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The first  reported values of magnetic properties of micas were determined for the bulk 
magnetic susceptibility (Syono, 1960). Compositional analysis revealed how the magnetic 
susceptibility is related to the cation content in the samples. This led to empirical and 
theoretical formulas that correlate the magnetic cation content with the bulk susceptibility 
(Rochette, 1987). Later, a temperature dependence was introduced in the formula (Rochette et 
al., 1992).
To understand the source of the anisotropy of magnetic susceptibility  in these rocks, several 
investigations have tried to model the anisotropy of magnetic susceptibility based on the 
orientation of the main rock-forming minerals and their intrinsic AMS (de Wall, 2000).
Phyllosilicates have monoclinic symmetry. In these crystals the axes of the susceptibility 
ellipsoid for a single crystal and the shape ellipsoid for the idiomorphic grain cannot be 
coaxial. Any property described by a second order tensor, such as susceptibility, must 
conform to certain simple constraints on its orientation and must include the symmetry 
elements of the crystal. For monoclinic crystals, one susceptibility axis must be parallel to the 
b axis of twofold symmetry  (Nye, 1985). However, the other two principal susceptibility axis 
cannot be parallel to either of the other two, non-orthogonal, crystallographic axes.
AMS measurements on large, single mica crystals has shown that minimum susceptibility 
(K3) is nearly perpendicular to the basal cleavage of the crystal and is, therefore, nearly 
parallel to c. Since the angle B between the a and c 
axes is between 95o and 100o this implies 
that two principal susceptibilities (for example, k1 and 
k3) are within 5o of the nearly  orthogonal a and c 
axes. Thus the AMS ellipsoid of a single 
phyllosillicate crystal correspond approximately  to the 
shape ellipsoid for the crystal. Two axes of each 
ellipsoid are sub-parallel and the third pair (one is b) 
are precisely parallel. The axes of the two 
ellipsoids need not show a one-to-one 
correspondence of relative magnitudes
Figure 3.6 - (Borradaile and Jackson, 2011)
Susceptibility axes in a mica 
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As summarized by Tarling and Hrouda (1993), it can be seen that:
1. if a rock contains paramagnetic minerals as common constituents (~10%) and its 
susceptibility is higher than 5 x 10-3 (SI), both the susceptibility  and the anisotropy of the 
rock are primarily carried by the ferrimagnetic fraction;
2. if a rock contains paramagnetic minerals as common constituents (c. 10%) and its 
susceptibility is less than 5 x 10-4 (SI), the paramagnetic fraction controls the susceptibility 
and anisotropy of the rock;
3. if a rock contains paramagnetic minerals as common constituents and a mean susceptibility 
in the range 5 x 10-4 to 5 x 10-3 (SI), its susceptibility and anisotropy will be substantially 
affected by both the paramagnetic and ferrimagnetic fractions;
Such a summary  provides only a first-order guide to the likely  contributions from different 
mineral components. Of course rocks can be more complex than is suggested by these simple 
outlines.
3.4) FABRIC - STRAIN - MAGMA FLOW RELATIONSHIP 
3.4.1) Fabric, displacement direction and magma flow (Paterson et al., 1998)
It is difficult  to make a direct correlation between fabric in igneous rocks and magma flow for 
two main reasons: firstly  because fabric reflects finite strain that is not produced by flow 
directions but by the differential stress caused by progressive magmatic flow; secondly 
because fabric may be the result from multiple overprinting events (emplacement, tectonic 
deformation,  hydrothermal activity, etc.).
For these reasons before giving an interpretation to the magmatic fabric in an igneous body it 
is important to define his pre-, syn, post-emplacement history but also to understand the 
relationships between flow , strain and particles behaviour.
Magma flow can be described using a displacement or a velocity vector field. Three main 
types of flow can occur: uniform, non-uniform and turbulent .
a) Uniform flow has velocity vectors with same orientations and magnitude (no internal 
strain, no fabric) but it is not common in magmatic bodies.
b) Non-uniform flow is the most common in igneous bodies: it  has been detailed described 
by Mackin (1947) that have defined three types of simple non-uniform flows: acceleration 
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(convergent flow), deceleration (divergent flow) and velocity-gradient flow (non-coaxial 
flow) and made an evaluation of the resulting particle path and strain. 
Convergent coaxial flow occurs when magma moves in 
a narrower region requiring a convergence of flow lines 
and an increase of his velocity. The resulting strain is 
constrictional and the crystals  rotate tending to align 
their longest axes with the X axis (X>Y>Z) of the 
magma strain ellipsoid that is parallel to flow direction 
with the formation of a linear prolate fabric parallel to 
the flow direction.
Divergent coaxial flow occurs when magma spreads in 
wider regions resulting in the divergence of his flow lines 
and in the decrease of his velocity. The resulting strain is 
flattening  Particles tend to align their largest crystal faces 
with the XY plane of the strain ellipsoid that is orthogonal 
to flow directions forming an oblate fabric and a foliation 
orthogonal to the flow.
Non-coaxial flow occurs when there is a drag along a 
boundary surface (for example the walls of a dyke) where is 
assumed the presence of simple shear. The velocity 
increases departing from the boundary surface and the fabric 
forms a variable angle with the surface but tending to rotate 
toward parallelism with the increase of the strain (see the 
dyke section for a complete overview).
c) Turbulent flow is characterized by displacement vectors 
that are spatially  and temporally highly variable; for this 
reason no simple geometrical or temporal relationship exist 
between flow and fabrics (Martin and Nokes, 1988). 
Turbulent flow is very little likely to occur in magmatic bodies  because magmatic fabric 
Figure 3.7 -  
(from Paterson et al., 1998)
 Types of non-uniform flow
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usually  form  near magma solidi, conditions under which turbulent flow does not occur 
(Brandeis and Marsh, 1989).
Magmatic fabric development is further complicated because of differences in behaviour of 
marker as a function of their rheology (rigid or deformable marker), coupling between the 
matrix flow and markers, aspect ratios, initial orientations of the markers and marker 
interactions (Fernandez, 1987). For example, markers with larger axial ratios tend to rotate 
slower and less than those with slower axial ratios and are more likely to be parallel with the 
flow direction and crystal-crystal interactions increase the frequency  of mineral alignment 
parallel with flow direction (Fernandez and Laporte, 1991).
3.4.2) Fabric in horizontal bodies
A good way to explain the behaviour of the fabric in a sub-horizontal intrusion it is the use  of 
the physical modeling of Kratinova´ et al. 
(2006). In their experiment, colored layers of 
wet plaster of Paris embedded with magnetite 
particles were forced upward through a hole 
and into loose sand by pressing down on the 
surrounding sides of the hole, simulating the 
evolution of a magma during its passage from a 
dyke into a spreading horizontal body.
The magnetic foliations  just beyond the feeder 
hole are parallel to the contacts and parallel to 
the transport direction of the ‘‘magma’’. 
Beyond this zone the foliations rotate 90 to 
become perpendicular to the transport 
direction.  The fabric rotation in the model 
occurs where the magnetic strain switches 
from prolate (found where the model intrusion 
is forced through a hole and just beyond the 
hole) to oblate (formed beyond this region and 
extend to the front of the intrusion). This rotation in fabric occurs because it is the region 
where the flow changes from being constricted to where it is diverging (i.e., spreading 
Figure 3.8 - (Kratinova et al., 2006) Sketch 
illustrates the orientation of the AMS 
foliations from samples taken from a cross-
section through the center of the model 
intrusion.  Dark shaded line indicates the area 
where prolate strains are found. Outside of 
this area oblate strains are found.
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outward, away from the center).  The modelling of Kratinova´ et al. (2006) also supports the 
use of the fabric on the top of sills as a magma ‘‘flow sense’’ indicator. In fact near the 
termination of the model intrusion, the orientation of the foliation rotates from margin- 
perpendicular (subvertical) within the interior to being subparallel (sub-horizontal) at the top 
and bottom, presumably as a result of frictional drag with the surrounding sand as the 
intrusion advanced.
3.4.3) Fabric in dykes
Newtonian and Binghamian models
Dykes are magma-driven, hydraulic type fractures whose propagation is a complex fluid-
elastic or fluid visco-elastic process (Delaney  and Pollard, 1981; Turcotte et al., 1987; Fialko 
and Rubin, 1999).
Femenias et al. (2004) have proposed two different dike models depending on different 
rheological behaviour of the magma in the dyke (assuming a symmetrical opening without 
tectonic activity): a “Newtonian” and a “Binghamian” dike model.
Assuming a Newtonian rheology, the flow regime could be laminar or turbulent  depending on 
the Reynolds number and it can be quite variable along the length of the dyke (Turcotte et al., 
1987). The Newtonian model with laminar flow should contemplate the coexistence of two 
strain regimes: simple shear near the dike’s walls (where fabric is imbricated with respect to 
the walls and the strain domain should be mainly prolate) and pure shear in the core (where 
foliation is orthogonal with respect to the walls and to the flow and lineation is parallel to 
walls but orthogonal to the flow and the strain domain should be more oblate).
Also if the Newtonian model is supported by several arguments that are experimental flowing 
evidences (Merle, 1998) several lines of evidence asobservation of strained vescicles 
(Coward, 1980), evolution of a magmatic fabric during simple shear (Ildefonse and 
Fernandez, 1988; Ildefonse et al., 1992a; Ildefonse et  al., 1992b; Arbaret et al., 1996; Arbaret 
et al., 1997; Arbaret et al., 2001; Marques and Coelho, 2003), suggest that the ideal pattern of 
Newtonian model cannot be considered realistic or at least ubiquitous because rheology  can 
change across and along the dike. 
In fact magma cooling along the walls and/or mineral flowage differentiation toward the 
core , defined “Bagnold effect” (Bagnold, 1954), lead to a rheological variation of magma 
from Newtonian to Binghamian.
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In a dike where the magma undergoes different stages of crystallization and flow the fabric is 
acquired only  during flowing at the very late stage of emplacement immediately before and 
after the local cooling: for this reason it is recorded only one strain regime (simple shear). 
This process could explain the stabilization of the fabric parallel to the walls and to the flow 
and the presence of prolate strain domain in the core.
In some dykes the simple shear along the walls can induce mineral segregation inside the dike 
with the formation of a crystal-laden magma in the core that can be considered as a Bingham 
mush (where is recorded the maximum displacement and the maximum Pj) and a crystal-free 
Figure 3.9 - (from Femenias et al.  2004). Schematic sketches illustrating different models of relation 
between flow, viscosity and internal fabric of dike. (a) Representation of a ‘Newtonian dike’ including 
structures acquired, respectively, by passive and active markers from the wall to the center of the dike. 
(b) Representation of a ‘cooling-related Binghamian dike’; t1 to t5 represent time steps of the cooling 
history. (c) Evolution of the flow in time for a cooling-related Bingham type of dike. See text for 
explanation.
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marginal zones can be considered as Newtonian liquids (where there is the maxiumum 
shearing). So, also if fabric is not a good indicator of the rate of deformation as shown by the 
incoherence between maximum shearing and maximum displacement, in general an 
evaluation of Pj and T across and along the dyke can help to understand  the rheological 
evolution of the magma (Femenias et al., 2004).
Fabric and magma flow
Many papers studying magma flow in dykes with AMS show that  foliation plane (K1, K2) is 
subparallel to the dyke walls and that K1 provides the magma flow direction (Rochette et al., 
1991) under the assumption that the alignment of magnetic particles, which should be parallel 
to K1, is parallel to magma flow. In addition, Knight and Walker (1998) proposed to infer 
from symmetrical imbrication of K1 with respect to the walls the direction of the flow. 
However, recently  many  authors have warned against the use of magnetic lineation as unique 
flow marker (Geoffrey et al., 2002; Callot and Guichet, 2003) since the interpretation of K1 
origin can be tricky mainly for two reasons: firstly because magnetic lineation can be also 
perpendicular to magma flow (Knight and Walker, 1988; Rochette et al., 1991; Dragoni et al., 
1997; Rochette et al., 1999); secondly because the intersection of magnetic foliations can 
result in an apparent magnetic lineation (Callot and Guichet, 2003).
For this reason some authors (Geoffrey et al., 2002) established that imbrication of magnetic 
foliation respect to the walls is a better constrain to infer magma flow direction and sense 
than magnetic lineation.
Normal and anomalous fabric
The analysis at the individual-dyke scale 
defines three fabric types according to the 
eigenvector orientations with respect to the 
dyke plane. These fabric types are known as 
normal, intermediate and inverse (Rochette 
et al., 1992) and have been found in many 
swarms worldwide (Raposo et al., 2007).
Fig. shows an example of the normal AMS 
fabric. In this type of fabric the AMS foliation 
Figure 3.10 - Example of normal fabric in 
dikes. with symmetrical imbrication of the 
fabric with respect to the dike plane (from 
Geoffroy et al., 2002)
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is parallel to the dyke plane and the magnetic foliation pole (Kmin) is nearly perpendiculat to 
it. This fabric has been usually interpreted as a flow fabric.. The intermediate fabric type is 
defined by Kmax and Kmin axes  clustering close to  the dyke plane while Kint axes are 
nearly perpendicular to this plane.  The inverse fabric type displays Kint and Kmin axes 
forming a plane parallel to the dyke, with Kmax perpendicular to dyke wall. 
The normal pattern is considered to have a flow-related origin while the two latter fabric 
types have been considered as anomalous fabrics (Rochette et al., 1992; Rochette et al., 1999) 
and fall in a wider category of variable fabric that have been explained in many ways. 
Some authors (Jeffery, 1922; Dragoni et al., 1997; Canon-Tapia and Chavez-Alvarez, 2004) 
have suggested that an orientation of the fabric departing from the normal type could indicate 
a cyclical behaviour. Jeffery (1922) established the equations describing the movement of 
ellipsoidal particles immersed in a moving viscous fluid depending on different parameters 
(in particular on particle aspect ratio and particle concentrations). In fact increasing both 
parameters (a.r. < 0.5; p.c. > 20%) the fabric should remain stable (Canon-Tapia and Chavez-
Alvarez, 2004).
Some dykes, especially  the large ones (Philpotts and Asher, 1994) can undergo to late stages 
of back-flow that can change the initial fabric and lead to a certain variability  of the fabric 
(Philpotts and Philpotts, 2007).
Figure 3.11 - Rotation of the maximum susceptibility axes of the AMS fabric caused by shear stress 
resolved on the dike walls during intrusion. Example of shear stress parallel to magma flow. (from 
Clemente et al., 2007)
Shear rate
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Other authors (Correa-Gomes et al., 2001; Femenias et al., 2004; Creixell et al., 2006; 
Clemente et al., 2007) have outlined the importance of tectonic activity during the 
emplacement to explain  abnormal fabric (asymmetrical fabric respect the symmetry plane of
the dyke). These authors have underlined the fact that dyke emplacement should record 
differential stress involving the combined effect of both external and internal stress fields in a 
given tectonic setting. Correa Gomes et al. (2001) and Clemente et al. (2007) developed 
models of fabric ellipses undergoing coeval shear stress in which ellipses are allowed to 
rotate and change their shape according to the amount of applied shear.
Presence of single-domain magnetite (Rochette et al., 1992), influence of hydrothermal 
activity (Rochette et al., 1991), post-emplacement tectonic activity (Park et  al., 1988); 
turbulence, rolling effects along walls, late growth of ferromagnetic minerals (Canon-Tapia, 
2004), emplacement of magma pulses with different orientation (de Wall et al., 2004), vertical 
compaction of a static magma column (Herrero-Bervera et al., 2001), local widening more 
rapid than lengthening (Herrero-Bervera et al., 2001) are other processes used to explain 
anomalous fabric into dykes.
Figure 3.12 - Diagrams showing 
the various relations among 
crystal orientation, magma flow 
d i r e c t i o n a n d p r i n c i p a l 
susceptibilities that have been 
proposed to explain abnormal 
magnetic fabrics, (a) Single 
domain effects result in max axes 
perpendicular to flow direction. 
(b) Late growth of ferromagnetic 
m i n e r a l s i n a d i r e c t i o n 
perpendicular to the dyke walls 
result in kmax perpendicular to 
dyke walls. (c) Rolling effects on 
large grains orient max normal to 
flow direction. (d) Turbulence 
during flow results in a disperse 
mineral fabric and consequently in a random orientation of principal susceptibility axes. (from Canon-Tapia 
2004).
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ABSTRACT
Unraveling the geometric patterns and likely  physical causes of magma flow in shallow-level 
intrusions is one of the key problems in understanding magmatic processes. In particular, the 
study of the growth modalities of intrusive bodies can help to explain the evolution of felsic 
magma chambers. 
The aim of this study  is to investigate the potential for fabric patterns to reveal details about 
the feeding and growth mechanisms of shallow-level intrusions (less than 3-4 km deep). We 
have focused on the late Miocene San Martino multilayer felsic laccolith and its two large 
subvertical feeder dykes (Elba Island, Tuscan Archipelago Italy). These intrusive bodies have 
monzogranite composition with prominent sanidine megacrysts set in an aphanitic 
groundmass affected by hydrothermal alteration and weathering. They were emplaced at a 
depth around 2 km with an estimated filling time in the order of 100 years. 
The fabric data are derived from field measurements of the attitudes of K-feldspar megacrysts 
(50 sites/2500 measurements) and from anisotropy of magnetic susceptibility (AMS) 
determinations (150 sites/1500 cores). Magnetic mineralogy investigations outlined the 
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paramagnetic nature of the AMS signal, carried by chloritized biotite with negligible 
contribution of ferromagnetic minerals. The K-feldspar foliation is very strong while the 
lineation is poor. AMS data show almost  everywhere strong foliation and a definite lineation. 
The good correlation between the AMS and K-feldspar attitude strengthens the validity of the 
use of AMS as a flow marker, with evidence for negligible effects of biotite chloritization and 
rock weathering on AMS fabric data.
The feeder dykes have been sampled across cross sections to constrain both  direction and 
sense of flow. Only two sections have a “normal” fabric (internal foliation plane parallel to 
the walls and imbrication of the foliation close to the walls) indicating sub-vertical flow 
(imbrication in vertical section). The other sections present a complex fabric pattern that 
could be explained invoking tectonic activity,(as testified by asymmetric fabric) but also 
backflow or cyclic variation of orientation.
The AMS data of the main body  has evidenced the presence of a central dike that fed the 
main body with a lateral spreading of the magma as a single propagating and inflating pulse 
where the particles arranged perpendicularly  respect to the magma displacement direction. 
The absence of internal discontinuities substantiates the hypothesis of continuous feeding of 
magma injected as a single pulse or as a series of coalescing pulses/lobes emplaced fast 
enough to hamper the development of such internal structures.
1) INTRODUCTION
Investigations on shallow igneous intrusions can contribute to the understanding of the link 
between plutonic and volcanic processes (Miller and Miller, 2002; Bachmann and Bergantz, 
2008). In detail, the study  of the feeding and growth modalities of intrusive bodies can help 
to explain the evolution of felsic magma chambers. In the latest decades, a wealth of 
multidisciplinary data (field mapping, structural geology, mineral chemistry, petrology, 
geochemistry, gravity, magnetic, etc.) contributed to understand that igneous bodies often 
grow by incremental thickening/inflation of an initially thin sheet by the addition of 
successive magma pulses (McCaffrey  and Petford, 1997; Cruden and McCaffrey, 2001; 
Saint-Blanquat et al., 2001; Rocchi et al., 2002; Menand, 2008), overlapping of sub-
horizontal sheets (Horsman et al., 2005; Saint-Blanquat et al., 2006; Morgan et al., 2008) 46
or amalgamation of magma fingers and tongue-like lobes (Stevenson et al., 2007).
The aim of this study is to give a contribution to the understanding of feeding and growth 
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mechanisms of shallow-level intrusions (less than 3-4 km deep) by investigations of internal 
structures. However, the rock fabric studies can be difficult to disentangle because a direct 
correlation between the internal structures and original magma flow can be tricky. First, the 
final rock fabric could be the result  of “pure” magmatic processes (emplacement, convection, 
etc.), late magmatic processes (thermal contraction, gravitational compaction, etc.) or tectonic 
processes (syn-emplacement deformation, post-emplacement deformation, etc.) or a multiple 
overprinting of them all. Second, a magmatic fabric reflects finite strain produced by 
progressive magmatic flow rather than simple flow directions (Mackin, 1947; Paterson et al., 
1998; Saint-Blanquat et al., 2006): for these reasons to give a correct  interpretation of the 
internal structures is crucial to understand the boundary  conditions of the internal 
deformations.
A multidisciplinary study  has been performed: relevant data are represented by  field 
observations, structural measurements of mineral foliations and lineations and large 
collection of anisotropy of magnetic susceptibility (AMS) data (Bouchez, 1997). The fabric 
analysis technique by AMS provides quantitative information about the orientation of 
magnetic mineral phases even when mineral alignments are only weakly developed, allowing 
the geometry of subtle fabrics to be determined. These fabrics may be interpreted to constrain 
the movement of magma in feeder bodies and into the emplacement site.
The aim will be pursued studying the late Miocene San Martino laccolith (Elba Island, Italy) 
whose overall geometry and emplacement/tectonic history are well defined (Westerman et al., 
2000; Dini et al., 2002; Rocchi et al., 2002; Westerman et al., 2004; Dini et al., 2006; Dini et 
al., 2008; Farina et al., 2010; Rocchi et al., 2010) also thanks to a serendipitous tilting which 
exposes transversal sections from the top  to the bottom of the laccolith layers. This igneous 
body offers the chance to study internal structures that are undoubtly  magmatic since it 
crystallized very quickly, no younger ductile deformation occurred after the emplacement, 
and local brittle tectonics (sliding and tilting of the laccolithic complex as a single rigid body) 
did not affect the internal structures.
2) GEOLOGICAL FRAMEWORK
The Elba Island region was affected during late Cretaceous-early Miocene times by  the 
eastward thrusting and stacking of oceanic over continental margin tectonic units, linked to 
the convergence-collision process between the Sardinia-Corsica block and the Adria plate 
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Figure 1 - a) Geographical and geodynamical context of the Elba island (adapted from Westerman et 
al., 2004). with location in the tectonic map of the Mediterranean region, showing Mesozoic–
Cenozoic contractional orogens and Neogene extensional basins (modified from Platt, 2007). Some 
of the igneous outcrops belonging to the Tuscan Magmatic Province are represented in the map. The 
ages of these products are clearly related to their location, being the youngest bodies the easternmost 
ones, and the oldest body,  Sisco, intruded in Corsica. b) Geological map of Elba Island draped over a 
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building up the Apennine chain (Keller and Pialli, 1990). This tectonic stage was followed by 
extensional processes in an ensialic backarc basin in the back of the the eastward migrating 
compressive front following the retreat of the Apennine subduction zone (Malinverno and 
Ryan, 1986). Regional extension was coupled with the eastward-propagating magma 
generation and emplacement of the plutonic, sub-volcanic and volcanic complexes of mixed 
crust-mantle origin rocks of the Tuscan Magmatic Province (Serri et al., 1993) (Fig.1.a).
The geological structure of Elba Island consists of five thrusts complexes stacked during the 
late Cretaceous to early Miocene Appennine compressional phase, cross-cut by middle 
Miocene to Early Pliocene extensional faults (Fig.1.b). The three lowermost complexes (I, II, 
III) have continental features (metamorphic basement and shallow-water clastic and 
carbonate rocks) and belong to the Adria continental margin, while the uppermost two (IV, V) 
were generated in the western Tethys branch (Trevisan, 1950; Perrin, 1975; Keller and Pialli, 
1990; Pertusati et al., 1993; Daniel and Jolivet, 1995; Bortolotti et al., 2001). In more detail, 
Complex V consists of Paleocene to middle Eocene flysch, overthrust by a late Cretaceous 
flysch sequence. Large-scale faults subdivide Elba Island into three main zones: western Elba 
is separated from central Elba by the high-angle Eastern Border Fault, while central and 
castern Elba are divided by the low angle Central Elba Fault (Trevisan, 1950; Bellincioni, 
1958; Perrin, 1975; Westerman et al., 2004).
During the late Miocene, between ~8 to 5.8 Ma, the thrust complexes were intruded by 
several igneous bodies (Fig.1.b) (plutons, dykes, laccoliths) of various size and composition. 
In western-central Elba the igneous sequence started with the emplacement of the Capo 
Bianco aplite (~8 Ma)(Dini et al., 2002), as two 50-75 m thick intrusive layers dismembered 
by the slightly younger intrusive layes of the Portoferraio porphyry (7.95 Ma) (Dini et al., 
2002) which have sanidine phenocrysts and monzogranite-syenogranite composition. It 
occurs in four main layers up to 700 m thick and 9 km wide, commonly interconnected and 
accompanied by minor dykes and sills. The following intrusion, the San Martino porphyry 
(7.4 Ma) (Dini et al., 2002), is characterised by prominent sanidine megacrysts set in a very 
fine-grained groundmass. It occurs in four main layers with maximum thickness  of ~700 m 
and diameter ~ 10 km. Capo Bianco aplite, Portoferraio porphyry and San Martino porphyry 
are defined as multilayer laccoliths (Fig.2.a) based on the parallelism of the contacts of 
intrusion against host flysch bedding, tapering out at their visible eastern ends, and upward-
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convex roofs and flat to upward-convex floors, as recontructed by detailed mapping and cross 
sections (Rocchi et al., 2002; Dini et al., 2006).
The layers of each intrusive unit  are connected by small dikes and the overall geometry  is 
typical of nested Christmas-tree laccolith  complex (Fig.2.a), emplaced at a depth between 
1.9 and 3.7 km , mostly along crustal discontinuities such as thrust surfaces between tectonic 
complexes, secondary thrusts inside complexes, and bedding in the flysch
The emplacement of the laccolith complex was followed by the intrusion of the monzogranite 
Monte Capanne Pluton (7 Ma) (Dini et al., 2002), characterized by  variable abundance of K-
feldspar megacrysts, giving evidence for an internal sheeted structure as a consequence of the 
emplacement of three magma batches with a total thickness of more than 2.5 km (Farina et 
al., 2010). The western Elba intrusive phase is ended by the emplacement of the Orano  mafic 
dyke swarm (6.95 Ma) (Dini et al., 2008).
These intrusions did not preserve their original emplacement geometry because after the 
laccoliths intruded the present  western Elba, the upper part of the igneous-sedimentary 
Figure 2 - a) Schematic evolution of the multilayer laccoliths of the western-central Elba laccolith complex with 
emplacement stages b) Fall of the nested Christmas-tree laccolith complex caused by the emplacement of the 
Monte Capanne pluton with progressing stages of décollement (from Westerman et al., 2004).
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complex was tectonically  translated eastwards along the Central Elba Fault (Fig.2.b), leaving 
the lower part to be found in western Elba while the upper part came to rest  in central Elba. 
Following this eastward translation, a “west side up” movement occurred along the Eastern 
Border Fault with a throw of 2-3 km (Westerman et al., 2004).
3) THE SAN MARTINO LACCOLITH
The laccolith is made up  of a porphyry rock, characterized by prominent euhedral megacrysts 
of K-feldspar (Fig.3.c-d), with dominantly tabular shape elongated on the caxis, along with 
minor prismatic-like shapes elongated on the a axis. The K-feldspar megacrysts are poikilitic 
with inclusion of plagioclase, biotite, quartz, apatite and zircon arranged parallel to the host 
crystal faces. Megacryst abundance is 50-200 crystals/m2 that, given the average size of 
5x2x1 cm (max 14x6x3 cm) corresponds to 3% to 12 vol% (Marinelli, 1955; Marinelli, 1959; 
Dini, 1997). The phenocryst assemblage includes also quartz (1-20 mm), plagioclase (1-5 
mm) and biotite (1-5 mm) set in a very fine-grained groundmass (<100 µm). The groundmass 
is constituted by an equigranular, isotropic aggregate of quartz and K-feldspar with a small 
quantity of plagioclase with accessory apatite, zircon, monazite and allanite. The rock is also 
characterized by the presence of rare microgranular magmatic enclaves, metamorphic 
xenoliths and mm-sized miarolitic cavities. Weathering and hydrothermal alteration are 
widespread, the latter involving replacement of plagioclase  by calcite + sericite, K-feldspar 
by sericite and biotite by  chlorite (Fig.3.e-f), with additional formation of titanite, anatase 
and/or rutile (Dini, 1997). The groundmass colour ranges from  light-grey  in fresh rocks 
through grey-greenish where biotite is chloritized , to brownish-yellowish in weathered 
outcrops, where , biotite is oxidised and K-feldspar is porcelain-white. Secondary  tourmaline 
is heterogeneously spread out in the rock mass as irregular aggregates of ink-black crystals.
The San Martino laccolith is composed of three parallel, westward dipping layers cropping 
out in central Elba as well as several dykes found both in central Elba below the laccolithic 
layers and in western Elba as the roots of the original laccolith complex left behind upon the 
eastward translation (Fig 2b). The emplacement level has been estimated as shallow as ~2 km 
(Rocchi et al., 2002) as confirmed also by  the occurrence of miarolitic cavities. Contact 
metamorphic effects in the host  rock are practically absent. The filling time of the intrusion 
has been estimated around 100 a , based on the size of the dikes in western Elba and 
assuming a conservative ascent rate of 3 x 10-3 ms-1 (Rocchi et al., 2002).
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3.1) The main body
The laccolith body (Fig.4) is characterized by 3 parallel, westward dipping layers. The 
uppermost layer (Layer 1) is by far the largest one and constitutes more than 80% of the total 
volume. It  is characterized by the lateral branches as well as internal septa of host  rock. The 
maximum thicknesses of the Layer 1 is about 700 m (tapering out toward both northern and 
Figure 3 - a) sill above the main sheet at the southern termination; b) Viticcio Dike; c) typical outcrop of San 
Martino laccolith showing strong alignment of the megacrysts; d) outcrop showing the typical size and shape of 
the megacrysts;  ?)  thin section picture and ?) SEM picture representing a crystal of chloritized biotite.
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Figure 4 - Geological map of the Western-Central Elba Laccolith Complex (Dini et al., 2006) with sampling 
areas for detailed AMS investigations
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southern end) while the length measured in the N-S direction is about 8.3 km. Layer 1 can be 
divided in two sub-layers: the upper Layer 1A and the lower Layer 1B. Layer 1A crops out 
best on the shores of Marina di Campo bay, where a ~ 250 m thick bottom-top section of the 
southern reaches (“Casa Ischia sheet”) is well exposed along ~ 500 m of cliff. The upper and 
lower contacts are clearly visible: the lower one is planar with NS strike and dips 30o 
westward, while the upper one is undulating with a general dip of 30o to the west.
Layer 1B is well exposed on the shores of La Biodola bay where a ~ 500 m thick bottom-top 
section of the northern reaches (“Lamaia sheet”) crops out. An additional good exposure of a 
~ 300 m thck cross-section of the southern reaches of Layer 1B is found at Punta Mele. The 
southernmost outcrop of Layer 1, along the steep  cliff between Capo Bardella and Capo Poro, 
is overlain by a a 4-10 m thick sill (“Bardella sill”) with well defined upper and lower 
contacts striking NS and dipping 35° to the W.
The middle layer (Layer 2) is the smallest one, representing less than 5% of the total laccolith 
volume, and strikes NW-SE from Forno to San Martino localities for about 1 km. The 
thickness of this layer is ~ 150 m in the southern part and ~ 100 at its northern termination. 
The lowermost layer (Layer 3) runs from SE (Campitelle) to NW (Forno cliff) and is about 2 
km long and ~ 250 m thick.  The overall intrusion shape is laccolithic, yet the contact at the 
outcrop  scale is quite variable with strong undulations. Internal magmatic layering and/or 
contacts are not observed.
3.2) The feeder dykes
Several steeply dipping dykes of San Martino porphyry  are found both in central Elba below 
the laccolithic layers and in western Elba as the roots of the original laccolith complex (Figs. 
2 and 3). In western Elba, six dykes are present (Fig.4). The largest of the six dykes cropping 
out in western Elba (“Marciana dyke”) is over 2 km long with a thickness between 3 and 25 
m and is interpreted  as the main feeder dyke of the San Martino laccolith (Rocchi et al., 
2002). The dyke is sub-vertical and it shows an overall WNW-ESE orientation with a 
bifurcated, N-S trending western termination and a dextral bridge structure in the central part. 
The shape of the dike is well preserved even if the host rock is often eroded and the original 
contact is visible very rarely where pieces of host (flysch) are attached to the walls of the 
dike. There is not a true quenched (aphiric) border but the groundmass in the outer zone is 
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finer than in the inner portion, and some minor ductile deformation of biotite phenocrysts is 
observed very close to contact.
In central Elba, three main dykes are mapped. In the northern part the small “Viticcio 
dike” (Fig. 2.b. and Fig.4) is 400-500 m long and 3-20 m thick, with overall NE-SW strike 
and subvertical dip (>60o). The dike crosscuts several older units, including the flysch whose 
bedding is upturned proximal to the dyke (0.5 m). Quench structures in the dykes are limited 
to a decrease in megacryst content..The large “Enfola dike” (Fig. 4) shows a complex 
geometric relationships with the host, nevertheless the overall attitude of contacts is 
subvertical with NNE-SSW trend, against sub-horizontal flysch bedding . In the central part 
the dyke walls are sub-parallel, with a thickness of approximately 250 m, decreasing to less 
than 50 m in the southern part. The contact against  the Portoferraio porphyry is characterized 
by a ~10 cm thick shear zone. A third, small dyke (“Fonza dike”; Fig.4) feeding a small sill 
crop out in the south, between Fonza beach and Marina di Campo bay. The dyke has  NW-SE 
attitude and it is 2 m thick, with a gradual decrease of megacryst content toward the contact.
4) METHODS 
The characterization of internal fabric in the San Martino laccolith has been performed using 
two techniques: a) measurements of the shape-preferred orientation of the K-feldspar 
megacrysts; b) determination of the anisotropy of magnetic susceptibility (AMS), which 
records primarily the orientation of magnetic crystals. The use of multiple fabric 
determinations is of fundamental importance in the cross-validation of fabric results.
4.1) Megacrysts attitude determination
The tabular (> 70%) and elongated shapes of the K-feldspar megacrysts makes them good 
markers for the magmatic fabric. Magmatic foliation has been measured using the (010) face 
of tabular crystals, while lineation has been measured using the c axis of elongated/tabular 
crystals or the a axis of prismatic crystals elongated on a. Tabular crystal with poor 
elongation yielded only foliation data.
These crystallographic shape features are well recognizable only where crystals show an 
almost 3D exposure (Fig.3.c-d), that is chiefly on shore cliffs where marine erosion made the 
popping out of the rock.  Foliation has been determined at 48 stations and lineation at 36 
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stations, with both foliation and lineation measured at 34 of them (Table.1). All the measured 
values has been processed using the software Stereonet v.6.3.3 of R.W. Allmendiger (http://
www.geo.cornell.edu/geology/faculty/RWA/programs).
4.2) Anisotropy of magnetic susceptibility (AMS)
AMS is a low cost, quick, and non-destructive technique that gives a quantitative description 
of the crystalline fabric of a rock. It describes the variation of magnetic susceptibility with 
direction within a material arising from the contribution of all the rock-forming minerals. 
AMS is the tensor (Kij) which relates the intensity of the applied fied (H) to the acquired 
magnetization (M) (Tarling and Hrouda, 1993). This tensor is expressed by its principal 
eigenvalues (susceptibility  magnitudes) and eigenvectors K1>K2>K3 whose orientations 
represent the maximum, intermediate and minimum axes of susceptibility, respectively. The 
K1 axis represents the magnetic lineation while K3 is the pole of the magnetic foliation (the 
plane defined by K1 and K2 axes). 
Iron is the principal element responsible for the magnetic signal and give the rock the two 
main paramagnetic or ferromagnetic behaviours. Paramagnetism is a slighty positive 
magnetic susceptibility  that is carried by  Fe-bearing silicate minerals (biotite, Fe-muscovite, 
amphibole, pyroxene, garnet, cordierite and tourmaline) and ilmenite. In this case the AMS is 
due to the the preferred crystallographic orientation of these minerals (magneto-crystalline 
anisotropy) (Bouchez, 1997). For example, the magnetic axes of biotite are parallel to its 
crystallographic axes and therefore to its shape axes: K3 represents the statitstical normal to 
the biotite foliation (Bouchez, 1997) while K1 represent  the magnetic lineation that  is marked 
by a “zone axis” (the statistically defined axis of rotation of the population of crystals) 
(Bouchez, 1997).
Ferromagnetism s.l. (including ferromagnetism s.s., weak ferromagnetism and 
ferrimagnetism) has a positive K that becomes null at high field strenghts. The main 
ferromagnetic phase is magnetite which grains can be multi-domain (MD) or single-domain 
(SD). In the MD (titano)magnetite grains, in which the origin of AMS is usually intimately 
related to the grain shape (shape-anisotropy), in which K1 and K3 are parallel to the long and 
short axis, respectively, of the particle. Sometimes AMS can be also related to the distribution 
anisotropy  of magnetite grains (Hargraves et al., 1991) and in other cases to magnetic grain 
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interaction within a rock (Canon-Tapia et al., 1996). On the other hand, if small SD magnetite 
prolate grains are present in the rock, an inversion of the axes might  occur (Stephenson et al., 
1986). Since Magnetite has a specific susceptibility about  three orders of magnitude higher 
than that of biotite, in a paramagnetic rock the presence of ferromagnetic minerals 
(magnetite), can change the magnetic signal in a strong way. So, as a general rule, a detailed 
magnetic study is always required in AMS analysis.
4.2.1) Sampling and measurements
For this AMS study, 150 sites have been sampled, 100 from the main body (87 in the Layer 1, 
4 in Layer 2, 9 in Layer  3) and 50 from dykes. Among the 150 sites studied, carefully 
oriented block-samples have been collected at 140 of sites, while 10 sites were sampled 
directly  in the field using a portable drill-corer. From each block, 8 to 12 cores (diameter=25 
mm, length=22 mm, volume ~11 cm3) have been drilled in the lab.  The magnetic parameters 
have been determined using a AGICO KLY-3S Kappabridge in the laboratory of Rock 
Magnetism at  Earth Science Department of University of Birmingham, UK 
(carl@carlstevenson.com).
Results for each sample were compiled using the Anisoft software package (www.agico.com) 
and normalized by specimen mean susceptibility and averaged for block/sites to produce 
mean values of the AMS ellipsoid. The characterization of within-block variability  is allowed 
through the calculation of 95% confidence limits on magnitude parameters and on principal 
axis direction, thus the the sizes of the 95% confidence ellipses on the stereonet give a figure 
of statistical value of each sample block set.
Several parameters are commonly  used to define AMS fabric of the rock including both 
scalar parameters (dealing with magnitude and shape of the susceptibility  ellipsoid) and 
directional parameters (concerning the spatial orientation of the principal axes of the 
ellipsoid; section 4.3).  In this paper, the conventional plot T vs Pj has been used (Tarling and 
Hrouda, 1993).
The parameter used to define the magnitude of the anisotropy is the corrected anisotropy 
degree  (Jelinek, 1981): 
= exp ((2*((n1-nm)2 + (n2-nm)2 + (n3-nm)2 )) 1/2), where ni= ln Ki and nm= (n1+n2+n3)/3.
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Feeding and growth of San Martino laccolith
parameter used to describe the shape of the anisotropy ellipsoid is the Shape parameter 
(Jelinek, 1981) : T = [2ln(K2/K3)/(ln(K1/K3)]-1.
Another important important parameter usually described is the mean (or bulk) susceptibility 
(Nagata and Kinoshita, 1965) of each specimen that is given by: Km=(K1+K2+K3)/3.
Samples have been collected with the aim of retrieving the distribution of magnetic 
parameters at variable scales, to investigate the detect potential internal structures at metre, 
decametre and laccolith scales. Therefore, besides the collection of samples at 500-100 m 
spacing to investigate laccolith scale fabric, in suitable outcrops cluster of block samples 
have been collected with spacing of 50-200 m in 500x500 m areas and 10 m in 20x20 m 
areas, and cluster of cores have been collected with spacing of 1-5 cm in 1x1 m areas and 1-5 
mm in 10x10 cm blocks. 
For the dykes, samples from both outer and inner part have been collected whenever possible.
For the Marciana dyke, 19 sites have been sampled at 7 different outcrops, including a 
complete transversal section. For the Viticcio dyke, a total of 10 sites has been sampled at 
three different outcrops, with a complete transversal section for each of them. The thick 
Enfola dyke has been sampled at 18 sites.  Three samples have been collected from the Fonza 
dyke.
4.2.2) Carrier of the magnetic signal
The relationship between the mineral preferred orientation of a rock sample and its magnetic 
fabric depends on the magnetic mineralogy, that has been investigated in polarized 
microscopy, SEM-EDS, as well as bulk susceptibility and heating experiments.The main 
iron-bearing phases are biotite, tourmaline and minor opaques, mostly Ti-rich oxides with 
scattered , Fe-bearing oxides (FeO ~ 20%; TiO2 ~ 80%; SEM-EDS data). Biotite commonly 
underwent some chloritization, nevertheless with no significant formation of iron-oxides.
The magnetic susceptibilities of the studied samples mostly  fall in the narrow range of low 
values (1.9 x 10-4 ÷ 2.2 x 10-5 SI units), typical of paramagnetic rocks (Tarling and Hrouda, 
1993). Despite the significant weathering and alteration effects shown by most of the San 
Martino porphyry samples, the Kmean for about 80% of the samples differs from the Kmean of 
the freshest rocks (SLC3 and DSM14: Kmean ~ 9.5 x 10-5) by only 2.5 x 10-5 (Table 2).
Heating/cooling experiments performed on fresh, chloritized and chloritized/weathered 
samples (performed using an AGICO CS-3 oven attachment to the Kappabridge on 2 g of 
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sample powder) (Fig. 5) confirm an overall 
paramagnetic behaviour with a continuous and 
gradual decrease of susceptibility during 
heating; some samples are characterized by a 
very little bump around 550°C an indication of 
very minor proportions of Ti-magnetite 
contribution to the magnetic behaviour. The 
difference in path between heating and cooling 
curves probably  reflects the generation of 
maghemite. 
5) FABRIC RESULTS
The whole San Martino laccolith outcropping in the central Elba, including its feeder 
dykes, underwent an Eastward tectonic-gravitational translation, closely followed by 
~30° westward tilting. With the aim of describing and interpreting the fabric data in 
their original geometric context, we rotate back all the collected data (except for 
Marciana dike in the eastern Elba) by 30o around a horizontal, NS-striking axis. 
All the data discussed in the text thus refer to a sub-horizontal body with sub-horizontal 
bottom and a slightly upward convex top, with subvertical dykes below. 
The figures present both rotated (“restored data”) and not-rotated (“field data”) : the 
stereonets refers to not-rotated data  while the symbols (arrows for lineation and “T-
segments” for foliation planes) in the figures refers to rotated data.
Figure 5 - Heating experiments showing homogeneous 
decrease of susceptibility during heating is typical of 
paramagnetic minerals (biotite). The difference in path 
between heating and cooling curves reflect oxidization 
during the heating with formation of maghemite. The 
susceptibility values are negative because the sample-
holder have a negative susceptibility that is roughly -140 
E-3 and have not been corrected.  a) fresh sample - 
SLC3; b) strongly chloritized sample - ENF11 c) strongly 
weathered and chloritized sample - BAR10 a) The 
homogeneous decrease of susceptibility during heating 
(paramagnetic minerals) is disturbed by a small bump at 
570o (To Curie of magnetite) suggesting a very little 
ferromagnetic contribution. 
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5.1) Megacryst fabric
The investigation of megacryst attitude has pointed out a well defined magmatic foliation 
along with a poor magmatic lineation. In fact foliation poles in 85% of the stations (41/48) 
has the main eigenvalue (E1) > 0.6 and almost the 60% (28/48) has E1 > 0.7 , while 
Figure 6 - Megacrysts stereonet in the main body (field data).  Magmatic foliation has been 
plotted in the inner stereonets: the star represents the  average pole while the dashed line represent 
the average foliation plane. The magmatic lineation has been plotted in the outer stereonets.
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magmatic lineation in 50% of the stations has the main eigenvalue > 0.6 and in only  the 13% 
(5/36) has E1 > 0.7 (Table.1).
The fabric defined by K-feldspar megacrysts in the northern part of the laccolith layer 1 
(“Lamaia sheet”) is rather homogeneous from the bottom to the top  with a foliation striking 
NW-SE and dipping (<60o) to the north and a lineation plunging (27o-40o) northward (Fig.
9.b). Also the northern termination of layer 2 (“Forno sheet”) has a homogeneous foliation 
with NE-SW attitude gently dipping to the west (Fig.6). The foliation in the southern 
termination of layer 1B (Punta Mele; Fig.6) is sub-horizontal or dips slightly  toward NE. The 
foliation in the southern part of layer 1A (“Casa Ischia”; Fig.11) changes orientation from the 
upper portions (NE-SW) through the central part (N-S) to the lower portions (NW-SE) with 
variable dip. The foliation in the dikes is sub-vertical and sub-parallel to the dike walls in 
both the Viticcio and Marciana dikes.
5.2) Scalar magnetic parameters
In the main laccolith body, the shape parameter T ranges from -0.836 to 0.891 (Fig.7; Table.
2). Samples from the middle or lowest 
part the laccolith have prolate to 
oblate ellipsoid shape, while sample 
from upper part  of the intrusion show 
almost everywhere oblate  ellipsoid 
shape, suggesting that fabrics are 
dominated by foliation (flattening) 
rather than lineation (constriction). 
The T parameter is highly variable at 
both the laccolith and local scale, thus 
no clear pattern can be determined. 
The values of the degree of anisotropy 
(P’) range from 1.006 to 1.081 in the 
laccolith (Fig.7), indicating a fairly 
low degree of anisotropy typical of 
magmatic fabrics developed in granitic rocks (e.g. Horsman et al.2005). 
Figure 7 - T (shape anisotropy) vs Pj (anisotropy degree) 
plot (Jelinek, 1981) showing that  the flattening processes 
(positive T) are preponderant especially in the upper 
portions of the laccolith.
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In the dykes, the shape parameter T is quite variable. The site mean values of T vary from 
0.153 to 0.918 in Viticcio dike, from -0.386 to 0.714 in the Enfola dike, from -0.554 to 0.709 
in the Marciana dike. The anisotropy degree (Fig.7) is quite variable. In Viticcio and Enfola 
dikes it  is very low (1.009 ÷ 1.071), while in the Marciana dike is quite high, ranging from 
1.044 to 1.129. In the western section of Marciana dike (section 1) Pj show a symmetrical 
distribution of values with respect the symmetry plane of the dike:  two samples taken from 
the core have higher Pj (1.29) while the samples from the two walls have the same lower Pj 
(1.047). The two segments of the bridge in the central part of Marciana dike show a different 
pattern. The southern segment has a symmetrical but opposite distribution of values with 
higher anisotropy close to the wall (1.075) than in the core (1.060). The other (northern) 
segment has asymmetrical distribution with higher Pj close to the southern wall (the one 
closer to the other segment) while Pj from the other wall and the core have the same 
value.Also Viticcio dike shows different pattern of distribution of Pj in different sections. The 
northern section has higher Pj close to walls (1.035-1.047) than in the core (1.033-1.025) but 
the distribution is asymmetrical with higher values going from W to E.  Also the central 
section show higher Pj close to walls (1.033) than in the core (1.009) but since is visible only 
one wall it is not possible to see if the distribution is symmetrical or not. The southern section 
have a fairly  homogeneus distribution of Pj (1.030 - 1.033). The Enfola dike has higher Pj 
close to the western wall and a gradual decrease toward the eastern wall. Only in the southern 
part where the walls are converging Pj is higher in the core with respect to the walls. 
5.3) Magnetic fabric in the main laccolith body
The use anisotropy of magnetic susceptibility  allowed recognition of a well defined magnetic 
fabric that is almost everywhere quite strong: 86% of the samples (129/150) have e3 < 25o 
while 75% of the samples (113/150) have e1 < 25o, where e1 and e3 are the semi-angles 
(measured in degrees) of the confidence ellipses around the mean-value of K1 (magnetic 
lineation) and K3 (pole of magnetic foliation). Only  6% of the samples (9/150) have e1 and 
e3 > 25o: these samples have not been taken into account for the fabric interpretation (Fig.8.a) 
(Table.2). In Layer 1 of the main body, three main large-scale domains have been identified 
mainly based on magnetic foliation (Fig.8.b): (i) in the southern part , the attitude of the 
foliation has a rather homogeneous NE-SW strike with variable dip; (ii) in the central part, 
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Figure 8 - San Martino geological maps (modified from Dini et al.,  2006). Since the whole San Martino 
laccolith underwent  an Eastward tectonic-gravitational translation closely followed by ~30° westward tilting, 
we rotate back all the collected data by 30o around a horizontal, NS-striking axis with the aim of  describing 
and interpreting the fabric data in their original geometric context (see text).
a) AMS field data plotted in stereonets. Violet circles = K3 (minimum susceptibility), green triangles = K2 
(intermediate susceptibility), blue squares = K1 (the maximum susceptibility) (continue)
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(continue) b) restored data: magnetic foliation; samples with e3 > 25o have been discarded (where en are the 
semi-angles of the confidence ellipses around the mean site principal direction)  ; c) restored data: magnetic 
lineation; samples with e1 > 25o have been discarded.
Dots with white core and red/blue circumference point stations where the AMS data have been discarded. 
Bigger dots point localities where detailed studies have been performed. 
b c
114
Feeding and growth of San Martino laccolith
the magnetic foliation has a general E-W strike with steep dips (> 45o); iii) in the northern 
portion, a main NW-SE trend is recognizable, despite a more variable foliation attitude. In the 
small Layer 2, in spite of the few data available, a NE-SW striking foliation is clearly visible, 
with gentle SE dip at the southern termination and steep dip at the northern one. Lineation in 
the northern part plunges towards NE, while in central and southern part the plunge is toward 
SE. In the lowermost  Layer 3, in spite of the scattered data points, the foliation has NW-SE 
mean strike with variable dip  and lineation at the southern termination is parallel to the 
contact (Fig.8).
At a more local scale, four localities have been investigated in detail. The thin Bardella sill 
has a sub-horizontal magnetic foliation 1.5-2.5 m from the contact (in the core of the sill), 
while close the to upper contact the foliation is at an angle (<45°) to with contact and dips to 
the NE. The lineation is sub-horizontal and has NW-SE bearing both in the core and close to 
the upper contact. The Lamaia sheet (cross-section of northern termination of the main body) 
has a well-defined foliation pattern with average E-W strike with dips increasing 
progressively  from the sheet bottom (<30°) to the core (30÷60), to the proximity to the upper 
contact (sub-vertical); the lineation is less clearly defined, yet an average N-E orientation 
plunging toward N is detected (Fig.9).
Figure 9 - Geological maps of the “Lamaia sheet” showing: a) no-rotated AMS stereonets; b) megacrysts 
stereonet; c) restored data: magnetic foliation;  d) restored data: magnetic lineation. See figure 7 caption for 
details.
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Figure 10 - Geological maps of the “Monumento area” showing: a) field data: AMS stereonets; 
b) restored  data: magnetic foliation;  c) restored data: magnetic lineation. See figure 7 caption for details
Figure 11 - Geological maps of the “Casa Ischia sheet” showing: a) field data: AMS stereonets; b) 
megacrysts stereonet; c) restored data: magnetic foliation;  d) restored data: magnetic lineation. See figure 7 
caption for details. 
Red or blue dots indicate stations with only AMS data; black dots indicate stations with only megacrysts 
data; Dots with red/blue core and black circumference show stations where both AMS and megacrysts data 
have been collected
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In the Monumento area (lower portion of the central and thickest  portion of the laccolith), the 
foliation has constant NE-SW strike dipping to the NW of 35°-55° (Fig.10). 
The Casa Ischia sheet (cross-section southern termination of the main body), in the 
uppermost 150 m has a NE-SW striking foliation dipping alternatively toward NW, SE and 
vertically, while in the lowermost 100 m the foliation strikes NNW-SSE dipping 35°-70° to 
the NE (35°-70°). The magnetic lineation in the uppermost part plunges to ENE while in the 
lower level plunges toward N (Fig.11). 
5.4) Magnetic fabric in dykes
In the Marciana dyke, the fabric attitude is not homogeneus at the dyke scale, nevertheless 
some relevant observations can be made: (i) one section defines a typical “normal” fabric 
(Fig.12.a) with K3 sub-orthogonal and K1 sub-parallel 
respect to the outer walls; the fabric close the walls 
shows upward-SE imbrication in both horizontal and 
vertical sections ; (ii) lineation is oblique close to the 
contact and shows imbrication while in the central part it 
is sub-horizontal; (iii) one section shows a strong fabric 
asymmetry (Fig.12.b).
Also in the Viticcio dyke the fabric is quite variable. No 
typical “normal” pattern (Rochette et al., 1992), yet 
some interesting features are observed (for a complete description of the studied sections see 
Appendix A): (i) one section outlines a strong asymmetry in the fabric (especially  for 
Figure 12 - Simplified geological maps of some key-outcrops of the 
Marciana dike. a) E-W section in the western portion showing the 
stations investigated for AMS, the stereonets for each station (Violet 
circles = K3; green triangles = K2; blue squares = K1),  the foliation 
planes and the lineation. b) N-S section in the central portion of the 
dike showing  AMS symmetrical imbrication
Figure 13 - Geological maps of the 
“Enfola dike” showing: 
a) field data: AMS stereonets; 
b) restored data: magnetic foliation;  
c) restored data: magnetic lineation.
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foliation); (ii) one section outlines a strong imbrication of magmatic foliations toward 
upward-S; (iii) the lineation is more variable but in general is steeper close to contacts than in 
the inner parts.
The Enfola dyke (Fig.13) has an overall homogeneus E-W strike dipping to the S by 25o-55o.. 
Lineation, although less regular, has an overall E-W trend, with plunges everywhere <45o. In 
general, the fabric defines a lobate pattern with upward-S convexity.
For the Fonza dyke, the foliation in the central part is sub-parallel to the walls, while close to 
contacts foliations planes show symmetric imbrication toward the south in the horizontal 
plane but in the vertical section the imbrication is asymmetric. Lineation in the core and 
eastern contact  are parallel to walls and it is sub-horizontal while close to the western contact 
is sub-orthogonal to the walls 
6) DISCUSSION
6.1) Comparing AMS and megacryst fabric data
At 25 sites it has been possible to collect both AMS and megacryst fabric data, that resulted 
to be mostly concordant (Table.3): the angle between magnetic foliation and the megacryst 
foliation is <30o in 16/25 (65%) 
stations and the angle between 
m a g n e t i c a n d m a g m a t i c 
lineation is l<30o in 6/7 (85%) 
stations. This overall good 
agreement suggests that almost 
eve rywhere hydro the rmal 
a l t e r a t ion d id no t a ff ec t 
significantly the orientation of 
the magnetic anisotropy, likely 
owing to the topotactic nature of 
chloritization process that also 
did not lead to the formation of 
f e r r o m a g n e t i c c r y s t a l s 
(magnetite) that could change 
Table 3 - Table showing the angle between AMS data and 
megacrysts measurement
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the orientation of the magnetic ellipsoid. Also the scattered occurrence of tourmaline spots as 
well as the effects of the weathering processes do not appear to have significantly affected the 
fabric attitude. The discrepancy > 30o found at a few stations could be linked to poor statistics 
in K-feldspar measurements or, more likely, to some effect of alteration and/or weathering 
such as a higher contribution from tourmaline or of secondary ferromagnetic phases 
(maghemite and magnetite). The magnetic fabric is thus generally  considered to mimic 
megacryst statistical attitude which is in turn inferred to reflect a flow-related petrofabric. 
Wherever AMS data deviates substantially (>30°) from megacryst data, the megacryst fabric 
has been considered as the most reliable indicator of magmatic fabric and the AMS data has 
been dropped.
6.2) Interpretation of fabric data in the main body
A direct correlation between fabric in igneous rocks and magma flow can be problematic for 
two main reasons: first, the fabric can result from multiple events (emplacement, tectonic 
deformation, hydrothermal activity, etc.), second, fabric reflects finite strain that is not 
produced by flow directions but by  the differential stress caused by progressive magmatic 
flow (Paterson et al., 1998). According to Mackin (1947), magma can propagate in three 
types of simple non-uniform flow: convergent, divergent and non-coaxial flow, with velocity 
vectors having different orientations and/or magnitude. Convergent flow occurs when magma 
moves to a progressively narrowing region requiring convergence of flow lines and the 
crystals rotate tending to align their longest axes with the main stretching axis of the magma 
strain ellipsoid that is parallel to flow direction (prolate fabric). Divergent flow occurs when 
magma spreads in progressively widening regions resulting in the divergence of flow lines 
and velocity  decrease; the particles tend to align their largest crystal faces orthogonally to 
flow directions (oblate fabric). Non-coaxial flow is generated by a drag along a boundary 
surface affected by simple shear; the velocity increases from the boundary surface and the 
fabric forms a variable angle with that surface. These fabric-flow relationships are clearly 
exemplified by  experiments (Kratinova et al., 2006) with wet plaster of Paris charged with 
magnetite particles forced upward through a hole into loose sand: the magnetic fabric inside 
and right beyond the feeder hole is parallel to the transport direction of the ‘‘magma’’, but 
further on, the fabric rotates by 90o to become perpendicular to the transport direction. The 
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fabric rotation occurs where the flow changes from constricted to diverging i.e., spreading 
outward.
Due to the planar and oblate nature of the magnetic carrier in the San Martino laccolith 
(chloritized biotite), the investigation of internal structures has been mainly focused on the 
interpretation of foliation plane attitude despite the analysis of the lineation orientation 
(parallel to main stretching lineation) has been useful in some locations. This choice is also 
supported by the evidence that the magnetic fabric is mainly oblate throughout the laccolith. 
This is possibly linked to the intrinsic oblate shape of particles carrying the magnetic 
anisotropy  (biotite) and, more likely to the dominance of flattening processes during the 
growth of the laccolith. Flattening is usually  associated to divergent flow where the particles 
tend to align their largest crystal faces orthogonally  to flow directions. For this reason it has 
been assumed that in the main body, the 
magma displacement direction (magma 
flow) is generally  orthogonal to the 
fabric (Fig.14).
On the basis of these considerations, 
AMS and megacryst fabric data can be 
used to depict  a general and several 
local models for magma flow in feeder 
dykes to and into the laccolith layers. In 
the central part of the main laccolith 
Layer 1, the magnetic foliation has an 
average E-W direction (Fig.8.b), 
parallel to the mean trend of the 
Marciana dyke, that  was located below 
the central portion of the laccolith 
before the eastward tectonic-gravitational translation of the laccolith complex (Westerman et 
al., 2004): these observations support  the hypothesis that the  Marciana dyke was the main 
feeder of the laccolith main Layer as suggested by Rocchi et al. (2002). Fabric records the 
stretching direction within the magma itself and consequently  the magmatic flow direction 
particle paths on away from the long axis of the feeder dike. Because the magma is diverging 
away from the feeder, the stretching direction (and the fabric) is at a high angle to the flow 
Figure 14 - General model showing the relationship 
between fabric,  flow and position in the laccolith.  The 
central dike has sub-vertical particles that are sub-parallel 
to the magma flow and it feeds a laccolithic main body 
with a lateral spreading of the magma where the particles 
arrange perpendicularly respect to the magma 
displacement direction.
120
Feeding and growth of San Martino laccolith
direction of individual particles (Fig.14). The fabric in the two distinct domains in the 
southern and in the northern parts is not parallel respect the feeder dike but it shows oblique 
strike respect the dyke attitude: this evidence could be explained assuming that  these zones 
are fed laterally respect the dike axis. (Fig.8.b, Fig.14). This coherence of the fabric at the 
laccolith scale and the presence of a central feeder dyke could suggest a two-stage growth 
(sill expansion followed by  inflation of the laccolith) as classically envisaged for laccoliths 
(Corry, 1988) (Roni et al., this thesis) and hypothesized on geometrical basis for the San 
Martino laccolith by  Rocchi et al. (2002). However, the variability of the fabric dips suggests 
that further analysis at a more local scale is necessary to  formulate a different emplacement 
model.
The fabric data in the lower and smaller layers are very scarce, however in the Layer 2, the 
foliation has a coherent NE-SW attitude that could be interpreted has the propagation of an 
expanding and inflating magma from NW to SE, that  is fed by the Viticcio and Enfola dykes. 
As for the lowermost Layer (3), data are too dispersed to give way to a reliable interpretation.
In the main laccolith, the lack of magmatic layering, internal magmatic contacts and/or 
internal shear zones does suggests that the magma was injected in the different layers as 
either a single pulse or a coalesced series of pulses. In the latter hypothesis, the time-gap 
between the pulses had to be shorter than the solidification time of the previous pulse. This 
thermal requirement is more feasible for deep-seated igneous bodies (Farina et al., 2010) 
because the cooling of each pulses is slower, nevertheless there are examples of such 
processes in shallower igneous bodies (depth ~2.5 km) such as Black Mesa intrusion but with 
more mafic composition (Saint-Blanquat et al., 2006). 
The homogeneous fabric pattern (megacryst and AMS data) described in the “Lamaia 
sheet” (Fig.9) is not  coherent with the occurrence of discrete multiple sheets or lobes, rather, 
the outward dipping foliation can be generated by northward flow of an expanding and 
inflating magma body  (Fig.15). The obliquity respect the lower and upper contacts of the 
fabric reflects oblique stretching directions linked to a velocity  vector field with different 
magnitudes of velocity (in this case faster in lower portions) as well as different displacement 
directions (contemporaneous propagation and inflation). The down-dip orientation of 
lineation (that is parallel to the main stretching direction) could be an evidence that  the 
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propagation northward of the magma away from the dike together with inflating processes 
are preponderant respect the lateral expansion (Fig.15).
Also the lower-central part of the main body in the “Monumento area” shows a homogeneous 
NW-dipping fabric (Fig.10). Assuming that feeding of this portion of the laccolith came from 
the N, the dipping of the foliation toward the feeder dike could be explained with a SE-ward 
propagating magma with non.uniform velocity vector field where magma is slow-moving in 
the lowermost portions and increases its velocity in the layer core (Fig.15) , probably owing 
to its proximity to the feeding zone, whereas in the former example the velocity  was probably 
Figure 15 - Emplacement model with local investigations showing the emplacement of expanding and 
inflating magma pulses.
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higher in the lower portions due to for the larger distance from the feeding zone. This 
observations agree with the model of Kavanaugh et al. (2006), who observe acceleration of 
sills with increasing distance from dike feeders in analog models. Additionally, the 
subvertical foliation in the core coupled with sub-horizontal foliation close to the upper 
contact can be taken as evidence for an inflation process, or for southward magma 
propagation with a uniform velocity  in the core and slowing/shearing close to the upper 
contact. 
AMS investigations (Fig.11) in the top-bottom section of the southern termination of the 
laccolith (Casa Ischia sheet), hints to curved, lobe-like pattern of the magnetic foliation 
planes (Stevenson et al., 2007) are not supported by the more confident megacryst fabric 
data, that show a homogeneous ESE dip. In lower portions of the layer the NE-SW lineation 
(that should represent the main stretching direction) is coherent with the general attitude of 
the lineation and foliation in the upper portions. This homogeneous fabric pattern, like for the 
Lamaia sheet, is not coherent with the existence of discrete multiple sheets or lobes and is 
interpreted as evidence for southeastward flow of an expanding and inflating magma body 
where lateral expansion (NW-SE) is preponderant with respect to the southward propagation 
of the magma coupled with inflating processes (Fig.15).
A wide variety of field studies of sheet intrusion emplacement (Komar, 1972; Komar, 1976; 
Correa-Gomes et al., 2001; Gil-maz et al., 2006) outlined the significance of symmetrical 
imbrication of foliation planes at the upper and lower contacts of the intrusion, indicating 
sense of shear at these contacts. This geometry  implies that the centre of each igneous sheet 
flowed more rapidly than the edges. Also the modeling of Kratinova´ et al. (2006) supports 
the use of the fabric on the top of the intrusions as a magma ‘‘flow sense’’ indicator, with the 
dip of the foliation that should be consistent with motion of the magma. The Bardella sill, at 
the very southern termination of the laccolith, has a coherent fabric orientation with respect to 
the upper planar contact, with an imbrication indicating an eastward magma flow, not 
consistent with feeding from north, thus suggesting a possible feeding from the lower main 
sheet.
6.3) Magma flow in the feeder dykes
Dykes are magma-driven, hydraulic-type fractures whose propagation is a complex fluid-
elastic or fluid visco-elastic process (Delaney and Pollard, 1981; Turcotte et al., 1987; Fialko 
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and Rubin, 1999). Femenias et al. (2004) have proposed two different dyke models 
depending on different rheological behaviour of the magma in the dyke, assuming a 
symmetrical opening in the absence of any tectonic activity. The first is a “Newtonian model” 
that contemplates the coexistence of simple shear near the dyke’s walls (prolate strain 
domain) and pure shear in the core (fabric orthogonal to the flow and oblate strain domain). 
Although this model is supported by several arguments (Coward, 1980; Ildefonse and 
Fernandez, 1988; Ildefonse et al., 1992a; Ildefonse et al., 1992b; Arbaret et al., 1996; Arbaret 
et al., 1997; Merle, 1998; Arbaret et al., 2001; Marques and Coelho, 2003), this idealized 
pattern cannot be considered realistic or at least ubiquitous because rheological properties of 
magma can change across and along the dyke. The second is the “Binghamian model” that is 
caused by magma cooling along the walls and/or mineral flowage differentiation toward the 
core (Bagnold effect) (Bagnold, 1954) leading to a rheological variation in the magma across 
the dyke. The different stages of crystallization lead to record only one strain regime (simple 
shear) with stabilization of the fabric parallel to the walls and to the flow and occurrence of a 
prolate strain domain in the core. Simple shear along the walls can induce mineral 
segregation inside the dyke with the formation of a crystal-laden magma in the core that can 
be considered as a Bingham mush (where the maximum displacement and the maximum Pj 
are recorded) and a crystal-free marginal zones can be considered as Newtonian liquids 
(where there is the maximum shearing).
Traditionally, magma flow in dykes has been inferred by  the orientation of K1 assumed as 
parallel to magma flow direction (Rochette et al., 1991). In addition, Knight and Walker 
(1998) proposed to infer from symmetrical imbrication of K1 with respect to the walls not 
only the direction but also the the sense of flow. However, the use of magnetic lineation as a 
unique flow marker has been questioned, because magnetic lineation can also be 
perpendicular to magma flow (Knight and Walker, 1988; Rochette et al., 1991; Dragoni et al., 
1997; Rochette et  al., 1999) and the intersection of magnetic foliations can result in an 
apparent magnetic lineation (Callot and Guichet, 2003). For this reason some authors 
(Geoffrey et al., 2002) established that imbrication of magnetic foliation with respect to the 
walls is a better constraint to infer magma flow direction than simple magnetic lineation. 
Thus, a pattern of the fabric where foliation is parallel to the dyke plane in the core shows 
symmetrical imbrication with respect to the symmetry  plane of the dyke has been defined as 
“normal” (Rochette et al., 1991) and has been usually interpreted as flow-related.
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Other fabric patterns are considered anomalous and variously  interpreted in the literature: 
cyclical rotation of crystals (Jeffery, 1922; Dragoni et al., 1997; Canon-Tapia and Chavez-
Alvarez, 2004), backflow during the late stages of emplacement (Philpotts and Philpotts, 
2007), presence of single-domain magnetite (Rochette et al., 1991), influence of 
hydrothermal activity (Rochette et al., 1991), post-emplacement tectonic activity (Park et  al., 
1988), turbulence, rolling effects along walls (Canon-Tapia, 2004), late growth of 
ferromagnetic minerals (Canon-Tapia, 2004), emplacement of magma pulses with different 
orientations (de Wall et al., 2004), vertical compaction of a static magma column, (Herrero-
Bervera et al., 2001), local widening exceeding lenghtening (Herrero-Bervera et al., 2001), 
and syn-magmatic tectonic activity (Correa-Gomes et al., 2001; Femenias et al., 2004; 
Creixell et al., 2006; Clemente et al., 2007).
On these theoretical and empirical bases, several hypotheses can be formulated stemming 
from AMS data for the Marciana and Viticcio dykes.The subvertical fabric (Fig.12.a) 
suggests that magma flow was sub vertical or oblique toward W-NW. This could be an 
evidence that the main reservoir of the magmatic complex was under the northern part of 
western Elba. 
The asymmetrical fabric (Fig.12.b) present in some portions of the dyke can be explained as 
the effect of external shear stress during the emplacement. The fabric pattern in the Enfola 
dyke is quite different from the other two dykes, probably reflecting its different size. The 
fabric defines a lobate pattern and the convexity of the lobes  is inferred to indicate the 
direction of the magma flow (toward south-upward).
Some anomalous fabrics are difficult to interpret. Nevertheless, the occurrence of single 
domain magnetite has been excluded by magnetic and petrographic studies; turbulence can be 
excluded owing to the high viscosity of the magma and because magmatic fabric usually 
forms near the magma solidus, a condition under which turbulent flow does not usually occur 
(Brandeis and Marsh, 1989). Processes whose role cannot be ruled out are  backflow, cyclic 
rotation of the crystals and alteration.
The Enfola and Viticcio dykes probably acted as feeders to the overlying Layer 2, with a sub-
vertical flow (or slightly oblique toward south). The Fonza dyke appears too small to be 
considered as an effective feeder dyke, rather it was probably shooting off the Layer 1B, with 
a component of oblique flow and fed laterally a very thin sill.
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The internal variation of the shape parameter and the anisotropy degree (Table.2) is too 
complex to reconstruct a unique rheological behaviour (Femenias et al., 2004). In the 
northern outcrop of Viticcio dyke (that represents also the lower portion of the dyke) the 
fabric close to the walls is triaxial while in the core one sample is more oblate. This could be 
explained with Newtonian flow with pure shear in the core (Femenias et al., 2004) but also 
with the widening of the dyke toward upper levels where the magma wraps around a stoped 
block. The inversion of this pattern in the central section (with oblate fabric close to the wall 
and triaxial fabric in the core) and the presence of high Pj in the core of the southern (and 
upper) section may be  evidence of crystals redistribution toward the core of the dike 
(Bagnold effect; Bagnold, 1954).
In the Marciana dyke, the variation between sections is greater: only  in the westernmost 
section where the shape anisotropy is homogeneus (triaxial-oblate), the shape parameter in 
the core is much higher than close the walls: it  could be interpreted as evidence of mineral 
flowage toward the core of the dyke. 
In the Enfola dyke, the fabric from the interior zone is more oblate whereas the fabric close to 
the walls is more prolate, probably linked to simple shear close to the walls and pure shear in 
the core in a Newtonian flow.
6.4) Emplacement model
The growth mechanism generally acknowledged as most likely for laccoliths, that is a two-
stage process with initial sill expansion followed by vertical inflation (McCaffrey and 
Petford, 1997; Saint-Blanquat et al., 2001) has been suggested for the San Martino laccolith 
by Rocchi et al. (2002) on a geometric basis. Length-to-thickness relationships for individual 
laccolith layers show a power-law correlation interpreted as the frozen evidence for the 
occurrence of a vertical inflation stage during intrusion growth (Rocchi et  al., 2002). We infer 
that laccolith layers failed to coalesce and form a larger pluton because their magma driving 
pressure exceeded the lithostatic load in a thrust stack of bedded turbidites rich in 
subhorizontal magma traps.
This work reports new fabric data that allows the recontruction of internal structures and 
presents a more complex and refined picture of the magma filling during laccolith growth, 
with respect to the basic model consisting in the filling of a horizontal sill by a central feeder 
dyke, followed by vertcal inflation.
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The AMS investigations in the main body indicate the occurrence of a central domain 
characterized by a fabric compatible with feeding by the E-W Marciana dyke. In this dyke, 
the magma was flowing subvertically, as indicated by symmetrical imbrications of markers in 
sections orthogonal to the dyke plane. Additional complexity  is added by evidence of syn-
magmatic tectonic shear of the dyke walls, as testified by asymmetric fabrics, and possibly by 
backflow. Moreover, magma flow and fabric development have been affected by  the magma 
viscosity, which in turn is affected by the high crystal content and by the flowage 
differentiation of megacrysts .
The magma injected in the Layer 1 of the main laccolith spread laterally  as a single 
propagating-inflating pulse where the phenocrysts were arranging orthogonal to the magma 
displacement direction and parallel to magma stretching direction. The velocity vector field 
in the cross sections of magma changes in different positions with respect to the feeder dike. 
In the proximity  of the dike (Monumento area) the velocity of the propagating magma is 
slow-moving in the lowermost  portions and increases in the layer core, whereas in the 
southern and northern terminations (Casa Ischia and Lamaia) the velocity was probably 
higher in the lower portions for a larger distance from the feeding zone.
A similar filling process is inferred for the two smaller laccoliths, where the internal fabric is 
coherent with an expanding-inflating body of magma propagating toward SE, likely injected 
from the northern Viticcio and Enfola dykes. The absence of magmatic layering, internal 
magmatic contacts and/or internal shear zones substantiates the hypothesis of continuous 
feeding of magma injected as a single pulse or as a series of coalescing pulses/lobes 
emplaced fast enough to hamper the development of such internal structures.
7. CONCLUSIONS
Western Elba has been for more than 1 Ma an important magmatic center with the 
emplacement of a silicic laccolith complex, a silicic pluton and a swarm of mafic dykes. The 
Orano dykes (Dini et  al., 2008), the feeding zone of the Monte Capanne pluton (Bouillin et 
al., 1993; Farina et al., 2010) as well as the main San Martino dykes are all located in the 
northern part of the complex, suggesting that the whole intrusive complex has been fed by 
dykes located in  the northern part of western Elba. 
Despite the strong alteration and weathering, the magnetic mineralogy of the San Martino 
laccolith is quite simple (paramagnetic) with negligible contribution of ferromagnetic phases. 
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Moreover, hydrothermal processes, leading to chloritization of biotite and diffusion of 
tourmaline spots, did not influence greatly the magnetic signal and the strong correlation 
between megacrysts orientation and magnetic fabric strengthen the use of AMS as magma 
strain indicator. AMS shows its power as fabric-detector because it give the chance to 
measure the magmatic lineation, whereas the field measurement of megacrysts commonly 
give poor lineation. This fact is probably related to the fact that the AMS lineation is a “zone 
axis” due to the alignment of biotite flakes while the magmatic lineation is the direct  measure 
of the elongation axis of the megacryst. 
A direct correlation between strain in the rock and magma flow has been possible for the lack 
of post-emplacement tectonic deformation as well as for the fast  cooling of the shallow 
igneous system, the very fast velocity of emplacement (Rocchi et al., 2002) and the high 
magma viscosity.
The AMS investigation has confirmed the presence of the of a central dike with sub-vertical 
flow (pointed out by symmetrical imbrications) that fed the main body  with a lateral 
spreading of the magma as a single propagating and inflating pulse where the particles 
arranged perpendicularly  respect to the magma displacement direction. The absence of 
internal discontinuities agrees with the hypothesis of continuous feeding of the magma 
injected as a single pulse or as a series of pulses lobes that coalesced confirming the fast 
emplacement of the body because the time-gap between pulses had to be short  enough to 
prevent the solidification of the younger ones.
It is also worthy to outline that almost all published AMS studies on dykes regard mafic , 
low-viscosity  magmas. This study  represents one of the first attempts to retrieve magma flow 
by means of AMS in silicic dykes, and in particular the first  AMS work on flow in silicic 
dykes feeding an intrusive, rather than volcanic system.  
128
Feeding and growth of San Martino laccolith
Bibliography
Arbaret, L., H. Diot and J.-L. Bouchez (1996). "Shape fabrics of particles in low 
concentration suspensions: 2D analogue experiments and application to tiling in magma." 
Journal of Structural Geology 18(7): 941-950.
Arbaret, L., H. Diot, J.-L. Bouchez, P. Lespinasse and M. d. Saint Blanquat (1997). 
Analogue 3D simple shear experiments of magmatic biotite sub-fabrics. Granite: from 
segregation of melt to emplacement fabrics. Dordrecht, Bouchez J.L. et al.: 129-143.
Arbaret, L., N. S. Mancktelow and J.-P. Burg (2001). "Effect of shape and orientation on 
rigid particle rotation and matrix deformation in simple shear flow." Journal of Structural 
Geology 23(1): 113-125.
Bachmann, O. and G. Bergantz (2008). "The Magma Reservoirs That Feed 
Supereruptions." Elements 4(1): 17-21.
Bagnold, R. A. (1954). "Experiments on a gravity-free dispersion of large solid spheres in a 
newtonian fluid under shear. ." Proceedings of the Royal Society, London 225: 49-63.
Bellincioni, D. (1958). "Rapporti tra "argille scagliose ofiolitifere" flysch e calcare 
nummulitico nell'Elba centrale." Bollettino della Società Geologica Italiana 77: 112-132.
Bortolotti, V., M. Fazzuoli, E. Pandeli, G. Principi, A. Babbini and S. Corti (2001). 
"Geology of the central and eastern Elba Island, Italy." Ofioliti 26(2a): 97-150.
Bouchez, J.-L. (1997). Granite is never isotropic: an introduction to AMS studies of granitic 
rocks. Granites: from segregation of melts to emplacement fabrics. J.-L. Bouchez, D. H. 
W. Hutton and W. E. Stephens, Kluwer, Dordrecht: 95-112.
Bouillin, J.-P., J.-L. Bouchez, P. Lespinasse and A. Pecher (1993). "Granite emplacement 
in an extensional setting; an AMS study of the magmatic structures of Monte Capanne 
(Elba, Italy)." Earth and Planetary Science Letters 118: 263-279.
Brandeis, G. and B. D. Marsh (1989). "The convective liquidus in a solidifying magma 
chamber: a fluid dynamic investigation." Nature 339: 613-616.
Callot, J. P. and X. Guichet (2003). "Rock texture and magnetic lineation in dykes: a simple 
analytical model." Tectonophysics 366(3-4): 207-222.
129
Feeding and growth of San Martino laccolith
Canon-Tapia, E. (2004). Anisotropy  of magnetic susceptibility  of lava flows and dykes: a 
historical account Magnetic fabric: methods and applications. . M.-H. e. al. London, 
Geological Society, Special Publications. 238: 205-225.
Canon-Tapia, E. and M. J. Chavez-Alvarez (2004). "Rotation of uniaxial ellipsoidal 
particles during simple shear revisited: the influence of elongation ratio, initial distribution 
of a multiparticle system and amount of shear in the acquisition of a stable orientation." 
Journal of Structural Geology 26: 2073-2087.
Canon-Tapia, E., G. P. L. Walker and E. Herrero-Bervera (1996). "The internal structure 
of lavas: insights from AMS measurements I:near vent 'a-a'." Journal of Volcanology and 
Geothermal Research 70: 21-36.
Clemente, C. S., E. B. Amoros and C. M.G. (2007). "Dike intrusion under shear stress: 
effects on magnetic and vesicle fabrics in dikes from rift zones of Tenerife (Canary 
Islands)." Journal of Structural Geology 29: 1931-1942.
Correa-Gomes, L. C., C. R. Souza Filho, C. J. F. N. Martins and E. P. Oliveira (2001). 
"Development of symmetrical and asymmetrical fabrics in sheet-like igneous bodies: the 
role of magma and wall-rock displacement in theoretical and natural cases." Journal of 
Structural Geology 23: 1415-1428.
Corry, C. E. (1988). "Laccoliths - Mechanics of emplacement and growth." Geological 
Society of America Special Paper 220: 110.
Coward, M. P. (1980). "The analysis of flow profiles in a basaltic dyke using strained 
vesicles." Journal of the Geological Society, London 137: 605-615.
Creixell, C., M. A. Parada, P. Roperch, D. Morata, C. Arriagada and C. Perez de Arce 
(2006). "Syntectonic emplacement of the Middle Jurassic Concon Mafic Dike Swarm, 
Coastal Range, central Chile (33o S)." Tectonophysics 425: 101-122.
Cruden, A. R. and K. J. W. McCaffrey (2001). "Growth of plutons by floor subsidence: 
implications for rates of emplacement, intrusion spacing and melt-extraction 
mechanisms." Physics and Chemistry of the Earth (A) 26: 303-315.
Daniel, J.-M. and L. Jolivet (1995). "Detachment faults and pluton emplacement: Elba 
Island (Tyrrhenian Sea)." Bulletin de la Societé Géologique de France 166(4): 341-354.
130
Feeding and growth of San Martino laccolith
de Wall, H., A. Kontny and C. Vahle (2004). "Magnetic susceptibility zonation of the 
melilititic Riedheim dyke (Hegau volcanic field, Germany): evidence for multiple magma 
pulses?" Journal of Volcanology and Geothermal Research 131(1‚Äì2): 143-163.
Delaney, P. T. and D. Pollard (1981). Deformation of host rocks and flow of magma during 
growth of minette dikes and breccia-bearing intrusions near Ship Rock, New Mexico, 
Prof. Pap. U.S. Geolog. Surv.
Dini, A. (1997). Le rocce porfiriche dell'Isola d'Elba: geologia, geocronologia e geochimica, 
Università di Pisa.
Dini, A., F. Innocenti, S. Rocchi, S. Tonarini and D. S. Westerman (2002). "The magmatic 
evolution of the laccolith-pluton-dyke complex of Elba Island, Italy." Geological 
Magazine 139(3): 257-279.
Dini, A., F. Innocenti, S. Rocchi and D. S. Westerman (2006). The Late Miocene 
Christmas-tree laccolith complex of the Island of Elba, Italy. Mapping Geology in Italy. P. 
G., V. C. and G. Groppelli, SELCA, Firenze: 249-258.
Dini, A., D. S. Westerman, F. Innnocenti and S. Rocchi (2008). Magma emplacement in a 
transfer zone: the Miocene mafic Orano dyke swarm of Elba Island (Tuscany). Structure 
and Emplacement of High-Level Magmatic Systems. K. Thomson and N. Petford, 
Geological Society, London, Special Publication, 302: 131-148.
Dragoni, M., R. Lanza and A. Tallarico (1997). "Magnetic anisotropy  produced by magma 
flow: theoretical model and experimental data from Ferrar dolerite sills (Antarctica)." 
Geophysical Journal International 128: 230-240.
Farina, F., A. Dini, F. Innocenti, S. Rocchi and D. S. Westerman (2010). "Rapid 
incremental assembly of the Monte Capanne pluton (Elba Island, Tuscany) by downward 
stacking of magma sheets." GSA Bulletin 122(9-10): 1464-1479.
Femenias, O., H. Diot, T. Berza, A. Gauffriau and D. Demaiffe (2004). "Asymmetrical to 
symmetrical magnetic fabric of dikes: paleo-flow orientations and paleo-stresses recorded 
on feeder-bodies from the Motru Dike Swarm (Romania)." Journal of Structural Geology 
26: 1401-1418.
Fialko, Y. A. and A. M. Rubin (1999). "Thermal and mechanical aspects of magma 
emplacement in giant dike swarms." Journal of Geophysical Research 104: 23033-23049.
131
Feeding and growth of San Martino laccolith
Geoffrey, L., J. P. Callot, C. Aubourg and M. Moreira (2002). "Magnetic and plagioclase 
linear fabric discrepancy  in dykes: a new way to define the flow vector using magnetic 
foliation." Terra Nova 14(3): 183-190.
Gil-maz, A., A. Pocovi, M. Lago, C. Galè, E. Arranz, C. Rillo and E. Guerrero (2006). 
"Magma flow and thermal contraction fabric in tabular intrusions inferred from AMS 
analysis. A case study in a late-Variscan folded sill of the Albarracin Massif (southeastern 
Iberian Chain, Spain)." Journal of Structural Geology 28: 641-653.
Hargraves, R. B., D. Johnson and C. Y. Chan (1991). "Distribution anisotropy: the cause 
of AMS in igneous rocks?" Geophysical Research Letters 18: 2193-2196.
Herrero-Bervera, E., G. P. L. Walker, E. Canon-Tapia and M. O. Garcia (2001). 
"Magnetic fabric and inferred flow direction of dikes, conesheets and sill swarms, Isle of 
Skye, Scotland." Journal of Volcanology and Geothermal Research 106: 195-210.
Horsman, E., B. Tikoff and S. Morgan (2005). "Emplacement-related fabric and multiple 
sheets in the Maiden Creek sill,
Henry Mountains, Utah, USA." Journal of Structural Geology 27: 1426-1444, doi:10.1016/
j.jsg.2005.03.003.
Ildefonse, B. and A. Fernandez (1988). "Influence of the concentration of rigid markers in a 
viscous medium on the production of preferred orientations. An experimental contribution. 
1) Non-coaxial strain. ." Geological Kinematics and Dynamics. Bullettin of the Geological 
Institute University Uppsala 14: 55-60.
Ildefonse, B., P. Launeau, J.-L. Bouchez and A. Fernandez (1992a). "Effect of mechanical 
interactions on the development of shape preferred orientations: a two-dimensional 
experiment approach." Journal of Structural Geology 14: 73-84.
Ildefonse, B., D. Sokoutis and N. Mancktelow (1992b). "Mechanical interactions between 
rigid particles in a deforming ductile matrix. Analogue experiments in simple shear." 
Journal of Structural Geology 10: 1253-1266.
Jeffery, G. B. (1922). "The motion of ellipsoidal particles immersed in a viscous fluid." 
Proceedings of the Royal Society, London 102: 161-179.
132
Feeding and growth of San Martino laccolith
Jelinek, V. (1981). "Characterization of the magnetic fabric of rocks." Tectonophysics 79: 
63-67.
Keller, J. V. A. and G. Pialli (1990). "Tectonics of the Island of Elba: a reappraisal." 
Bollettino della Società Geologica Italiana 109: 413-425.
Knight, M. D. and G. P. L. Walker (1988). "Magma flow direction in dykes of the Koolau 
complex, Oahu, determined from magnetic fabric studies." Journal of Geophysical 
Research 93: 4301-4319.
Komar, P. D. (1972). "Flow differentiation in igneous dikes and sills: profiles of velocity  and 
phenocrysts concentration." GSA Bulletin 83: 3443-3448.
Komar, P. D. (1976). "Phenocryst interactions and the velocity profile of magma flowing 
through dikes and sills." GSA Bulletin 87: 1336-1342.
Kratinova, Z., P. Zavada, F. Hrouda and K. Schulmann (2006). "Non-scaled analogue 
modelling of AMS development during viscous flow: a simulation on diapir-like 
structures." Tectonophysics 418: 51-61.
Mackin, J. H. (1947). Some structural features of the intrusions in the Iron Springs District 
(Utah). . Guidebook to the Geology of Utah, Utah Soc. Geol. Guidebook. 2: 1-62.
Malinverno, A. and W. B. F. Ryan (1986). "Extension in the Tyrrhenian Sea and shortening 
in the Apennines as result of arc migration driven by sinking of the lithosphere." Tectonics 
5: 227-245.
Marinelli, G. (1955). "Le rocce porfiriche dell'Isola d'Elba." Atti della Società Toscana di 
Scienze Naturali, Serie A LXII(II): 269-418.
Marinelli, G. (1959). "Le intrusioni terziare dell'isola d'Elba." Atti della Società Toscana di 
Scienze Naturali, Serie A LXVI(I): 50-253.
Marques, F. O. and S. Coelho (2003). "2-D shape preferred orientations of rigid particles in 
transtensional viscous flow. ." Journal of Structural Geology 25: 841-854.
McCaffrey, K. J. W. and N. Petford (1997). "Are granitic intrusion scale invariant?" 
Journal of the Geological Society, London 154: 1-4.
133
Feeding and growth of San Martino laccolith
Menand, T. (2008). "The mechanics and dynamics of sills in layered elastic rocks and their 
implications for the growth of laccoliths and other igneous complexes." Earth and 
Planetary Science Letters 267(1-2): 93-99.
Merle, O. (1998). "Internal strain within lava flows from analogue modelling." Journal of 
Volcanology and Geothermal Research 81: 189-206.
Miller, C. F. and J. S. Miller (2002). "Contrasting stratified plutons exposed in tilt blocks, 
Eldorado Mountains, Colorado River Rift, NV, USA." Lithos 61: 209-224.
Morgan, S., A. Stanik, E. Horsman, B. Tikoff, M. de Saint Blanquat and G. Habert 
(2008). "Emplacement of multiple magma sheets and wall rock deformation: Trachyte 
Mesa intrusion, Henry Mountains, Utah." Journal of Structural Geology 30(4): 491-512.
Nagata, T. and H. Kinoshita (1965). "Studies of piezo-magnetization." Journal of 
geomagnetism and geoelectricity 17: 121-135.
Park, J. K., E. Tanczyk and A. Desbarats (1988). "Magnetic fabric and its significance in 
the 1400 Ma Mealy diabase dikes of Labrador, Canada." Journal of Geophysical Research 
93: 4301-4319.
Paterson, S. R., T. K. J. Fowler, K. L. Schmidt, A. S. Yoshinobu, E. S. Yuan and R. B. 
Miller (1998). "Interpreting magmatic fabric patterns in plutons." Lithos 44: 53-82.
Perrin, M. (1975). "L'Ile d'Elbe et la limite Alpes-Apennins: données sur la structure 
geologique et l'evolution tectogenitique de l'Elbe alpine et de l'Elbe apennine." Bollettino 
della Società Geologica Italiana 94: 1929-1955.
Pertusati, P. C., G. Raggi, C. A. Ricci, S. Duranti and R. Palmeri (1993). "Evoluzione 
post-collisionale dell'Elba centro-orientale." Memorie della Società Geologica Italiana 49: 
297-312.
Philpotts, A. R. and D. E. Philpotts (2007). "Upward and downward flow in a camptonite 
dike as recorded by deformed vesicles and the anisotropy of magnetic susceptibility 
(AMS)." Journal of Volcanology and Geothermal Research 161(1-2): 81-94.
Rocchi, S., D. S. Westerman, A. Dini and F. Farina (2010). "Intrusive sheets and sheeted 
intrusions at Elba Island (Italy)." Geosphere 6: 225-236.
134
Feeding and growth of San Martino laccolith
Rocchi, S., D. S. Westerman, A. Dini, F. Innocenti and S. Tonarini (2002). "Two-stage 
laccolith growth at Elba Island (Italy)." Geology 30(11): 983-986.
Rochette, P., C. Aubourg and M. Perrin (1999). "Is this magnetic fabric normal? A review 
and case studies in volcanic formations." Tectonophysics 307(1-2): 219-234.
Rochette, P., M. Jackson and C. Aubourg (1992). "Rock magnetism and the interpretation 
of the anisotropy of magnetic susceptibility." Reviews of Geophysics 30: 209-226.
Rochette, P., L. Jenatton, C. Dupuy, F. Boudier and I. Reuber (1991). Emplacement 
modes of basaltics dykes in the Oman ophiolite: evidence from magnetic anisotropy with 
refernce to geochemical studies. Ophiolite genesis and the evolution of the Oceanic 
Lithosphere. T. J. P. e. al.: 55-82.
Saint-Blanquat, M. d., G. Habert, E. Horsman, S. S. Morgan, B. Tikoff, P. Launeau and 
G. Gleizes (2006). "Mechanisms and duration of non-tectonically  assisted magma 
emplacement in the upper crust: The Black Mesa pluton, Henry Mountains, Utah." 
Tectonophysics 428: 1-31.
Saint-Blanquat, M. d., R. D. Law, J.-L. Bouchez and S. S. Morgan (2001). "Internal 
structure and emplacement of the Papoose Flat pluton: An integrated structural, 
petrographic, and magnetic susceptibility study." Geological Society of America Bulletin 
113(8): 976-995.
Serri, G., F. Innocenti and P. Manetti (1993). "Geochemical and petrological evidence of 
the subduction of delaminated Adriatic continental lithosphere in the genesis of the 
Neogene-Quaternary magmatism of central Italy." Tectonophysics 223: 117-147.
Stephenson, A., S. Sadikun and D. K. Potter (1986). "A theoretical and experimental 
comparison of the anisotropies of magnetic susceptibility and remanence in rocks and 
minerals. ." Geophysical J. R. Astr. Soc. 84: 185-200.
Stevenson, C. T. E., W. H. Owens and D. H. W. Hutton (2007). "Flow lobes in granite: The 
determination of magma flow direction in the Trawenagh Bay Granite, northwestern 
Ireland, using anisotropy of magnetic susceptibility." Geological Society of America 
Bulletin 119(11): 1368-1386.
Tarling, D. H. and F. Hrouda (1993). The magnetic anisotropy of rocks.
135
Feeding and growth of San Martino laccolith
Trevisan, L. (1950). "L'Elba orientale e la sua tettonica di scivolamento per gravità." 
Memorie dell' Istituto di Geologia dell'Università di Padova 16: 1-30.
Turcotte, D. L., S. H. Emerman and D. A. Spence (1987). Mechanics of dyke injection. 
Mafic Dyke Swarms. H. a. Fahrig, Special publications Geol. Ass. Canada. 34: 25-29.
Westerman, D. S., A. Dini, F. Innnocenti and S. Rocchi (2000). Christmas trees in the shallow 
crust: the nested laccolith complex from Elba Island, Italy. Geoscience 2000, Manchester 
(UK).
Westerman, D. S., A. Dini, F. Innocenti and S. Rocchi (2004). Rise and fall of a nested 
Christmas-tree laccolith complex, Elba Island, Italy. Physical geology of high-level 
magmatic systems. C. Breitkreuz and N. Petford, Geological Society, London, Special 
Publication, 234: 195-213.
Kavanaugh, J.L., T. Menand, R.S.J. Sparks (2006). An experimental investigation of sill 
fomrmation and propagation in layered elastic media. EPSL 245: 799-813.
136
Feeding and growth of San Martino laccolith
Chapter 5
Flow-induced structures at the intrusive contacts of 
the Elba Island laccolith complex (Tuscany)
Emanuele Roni: Università di Pisa (Italy); roni@dst.unipi.it
David S. Westerman: Norwich University (Vermont, USA); westy@norwich.edu
Andrea Dini: IGG-CNR (Pisa, Italy); a.dini@igg.cnr.it
Sergio Rocchi: Università di Pisa (Italy); rocchi@dst.unipi.it
ABSTRACT
Felsic porphyritic multilayer laccoliths of the Elba Island Miocene igneous complex offer a 
wide range of examples of contact features, many of which constraint  magma flow direction. 
The Portoferraio laccolith intruded ~8 Ma at  an average depth of about 2.6 km into Jurassic 
serpentinites and overlying Cretaceous flysch (dark shale, feldspathic sandstone, marly 
limestone) that make up  the top two complexes of a thrust  stack assembled by about 20 Ma. 
The three main layers of the megacrystic San Martino laccolith were emplaced in the 
Cretaceous host ~7.4 Ma at an average depth of 1.9 km.
The relationships between the intrusions and host rock has been detailly observed looking for 
emplacement-related structures. Two main distinctive sets of features has been definite linked 
to “deformation” and “disruption” processes. Features in the first set are defined by 
deformation of external morphology of intrusive surfaces with formation of folds (waves, 
lobes and ropes) and solid-state stretching lineation. An AMS investigation of samples close 
to the contact  with such features has pointed out a strong correlation between the magnetic 
fabric and these features showing that both are flow-related and can be considered reliable 
flow indicators but on a very local scale.
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The second set of features is characterized by disruption of materials on one or both sides of 
the contact with formation of chaotic structures with blocks of rigid host  and angular 
porphyry fragments “swimming” throughout the fluidized host. Locally, decimetric-scale 
apophyses of porphyry occur within fluidized flysch and disrupted breccias near contacts are 
seen incorporated within the intrusive rocks.
These structures suggest the loss of cohesion of the host material and in particular the 
development of a condition in which two fluids of differing viscosity are in contact, as well 
as undulation and crenulation of the contacts are expected if one viscous fluid propagates into 
another (Pollard et al., 1975). The absence of pore fluids in the laccolith host  rocks excludes 
fluidization s.s. processes (Kokelaar, 1982) while preliminary  XRD analyses have excluded 
the importance of dehydration processes. It is therefore plausible that fluids responsible of 
such structures have a magmatic origin and that such processes developed in a very  late stage 
of magma emplacement.
1) INTRODUCTION
Granite intrusion is one of the major mechanisms for the construction of the continental crust. 
For this reason, the study of magma generation, transport and emplacement could be 
fundamental to the comprehension of the evolution of the continental crust. Not only, 
shallow-level intrusions can have a key-role to unveil the relationships between the volcanic 
and intrusive world (Bachmann et al., 2007; Bachmann and Bergantz, 2008; Bachmann and 
Bergantz, 2008), increase the petroleum prospectivity  of sedimentary  basins (Schutter, 2003), 
are associated with ore deposits (Ramirez et  al., 2006) and geothermal systems (Wohletz and 
Heiken, 1986), and are part  of diamond-bearing Kimberlite complexes (Mitchell, 1986; 
Sparks et al., 2006).
Much of the research on magmatic intrusions has focused on the mechanics and dynamics of 
dykes and sills (sensu lato), but emplacement of shallow intrusions produces a variety of 
contact features (both in the igneous rock and in its host), that could be useful to add new 
informations about the growth and the “space-making” processes.
Marginal features of such intrusions have been studied primarily while examining the larger 
question of emplacement and growth, and discussions have focused on magmatic flow 
structures and solid-state deformation within the outermost skin of the igneous rock 
(Horsman et al., 2005; Saint-Blanquat et al., 2006; Morgan et al., 2008). Careful descriptions 
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of marginal features such as ropy flow structures in vesicles (Liss et al., 2002) as well as 
fingered margins and fluidization structures (Schofield et al., 2010) are scattered and related 
primarily to mafic intrusions.
Felsic porphyritic multilayer laccoliths of the Elba Island Miocene igneous complex offer a 
wide range of examples of contact features. The Portoferraio laccolith intruded ~8 Ma at an 
average depth of about 2.6 km into Jurassic serpentinites and overlying Cretaceous flysch 
while the megacrystic San Martino laccolith were emplaced in the Cretaceous host  ~7.4 Ma 
at an average depth of 1.9 km. The intrusions contacts has been detailly observed looking for 
emplacement-related structures many of which can constraint magma flow direction.
2) GEOLOGICAL SETTINGS
2.1) The Elba laccolith complex
Elba island is located in the Tyrrhenian Sea (Fig.1) in a region that during the Miocene was 
affected by  a compressive tectonic (caused by  the collision between the Sardinia-Corsica 
block and the Adria plate; Keller and Pialli, 1990), that was followed by extensional tectonic 
behind the eastward retreating Apennine slab (Malinverno and Ryan, 1986). This phase was 
Figure 1 - Geological map of Elba Island draped over a digital elevation model 
(from Rocchi et al., 2008) with location of Elba island in the tectonic map of 
the Mediterranean region, showing Mesozoic–Cenozoic contractional orogens 
and Neogene extensional basins (modified from Platt, 2007)
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characterized by the generation and the emplacement of mantle-derived mafic magmas with 
high-K calk-alkaline or lamproitic affinities (Peccerillo et al., 1988) and anatectic acidic 
magmas (Turi and Taylor, 1976; Giraud et al., 1986): this igneous activity migrated from west 
(14 Ma) to east (0.2 Ma) as the west-dipping Adriatic plate delaminated and rolled back to the 
east (Serri et al., 1993).
The geological structure of Elba Island consists of five thrusts complexes stacked during the 
Late Cretaceous to Early Miocene Appennine compressional phase: the lower three 
complexes (I, II, III) have continental features (metamorphic basement and shallow-water 
clastic and carbonate rocks) while the upper two (IV, V) are oceanic in character (Perrin, 
1975; Keller and Pialli, 1990; Pertusati et al., 1993). 
The overall structure has been cross-cut by mid-Miocene to Early Pliocene extensional faults 
(Trevisan, 1950; Keller and Pialli, 1990; Daniel and Jolivet, 1995; Bortolotti et al., 2001) that 
subdivide Elba Island into three geographic areas: Western, Central and Eastern Elba 
(Trevisan, 1950; Bellincioni, 1958; Perrin, 1975)(Fig.1).
During the late Miocene the thrust complexes of the western Elba were intruded by several 
igneous bodies  (plutons, dykes, laccoliths) of various size, age (from 8 Ma to about 6.8 Ma) 
(Dini et al., 2002) and composition: Capo Bianco aplite (8 Ma); Portoferraio laccolith (8 
Figure 2 - Schematic illustration of the multilayer laccoliths of the western-central Elba laccolith complex with 
emplacement ages. 
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Ma); San Martino laccolith (7.4 Ma); Monte Capanne Pluton (7 Ma); Orano dikes (6.8 
Ma).
Capo Bianco aplite , Portoferraio porphyry and San Martino porphyry constitute an overall 
geometry typical of a shallow-level multilayered laccolith complex (Fig.2) (Rocchi et al., 
2002).
Most of the laccolith layers on Elba were emplaced along strong crustal heterogeneities such 
as thrust surfaces between Complexes (Fig.2), secondary  thrusts inside Complexes, and 
bedding in the flysch and the emplacement depth have been calculated to range from 1.9 to 
3.7 km . The general picture is, therefore, that of vertically  rising magma that stops and 
spread laterally (Rocchi et al., 2002).
San Martino  sills and main sheet
Figure 3 - a) View from the south of Capo Fonza and the WNW-ESE oriented cliff. The sequence of tapered 
Portoferraio porphyry layers dip to the west following tectonic tilting.; b) View from east of Capo Poro and 
the N-S oriented cliff.  The lower sheet represent the main southern termination of San Martino laccolith 
overlain by undulated thinner sills
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This intrusions have not preserved their original emplacement orientation because after the 
laccoliths intruded the present  western Elba, the upper part of the igneous-sedimentary 
complex was tectonically translated eastwards along the Central Elba Fault, leaving the lower 
part to be found in western Elba while the upper part came to rest in central Elba. Following 
this eastward translation a “west side up” movement occurred along the Eastern Border Fault 
with a throw of 2-3 km (Westerman et al., 2004).
2.2) Portoferraio laccolith
Portoferraio porphyry has a monzogranitic-syenogranitic composition and has a porphyritic 
texture (porphyricity index: 40-50%) with phenocrysts of sanidine (up to ~ 2 cm), quartz, 
plagioclase and biotite set in a very  fine-grained holocrystalline groundmass (<100 µm) 
constituted by  the same minerals. The rock is also characterized by the presence of diffused 
secondary  tourmaline and rare small miarolitic cavities, especially in the upper portions. 
Another feature is the presence of magmatic enclaves (<1%) and metamorphic xenoliths of 
Figure 4. Geological map of the Western-Central Elba Laccolith Complex (Dini et al.,  2006) with sampling 
stations for AMS analyses
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different composition, texture and size (1-5 cm). Hydrothermal alteration is ubiquitous and 
contact metamorphic effects are essentially restricted to local biotite crystallization over a 
mm-thick layer at the contact with the igneous rocks.
The intrusion occurs as four main layers up  to 700 m thick, commonly interconnected and 
accompanied by minor dykes and sills (Fig.3, 4). Three major layers occur in western Elba 
while the fourth layer  (up to 400 m thick) occurs in central Elba splitting into five tapering 
branches toward the south.
A Rb-Sr wr-Bt isochron points to an age of 8.4 ± 0.1 Ma, but internal disequilibrium is 
suggested by the fact that initial 87Sr/86Sr ratios for plagioclase and K-feldspar deviate 
significantly from the isochron intercept (Dini, 1997). Thus, the interpretation of the Rb-Sr 
age is constrained by the field evidence showing the Portoferraio porphyry as younger than 
the Capo Bianco aplite and older than the San Martino porphyry. for the purpose of this work 
we chose to correct isotopic ratios to 8 Ma.
2.3) San Martino laccolith
The most important feature of the San Martino porphyry, that makes it  recognizable respect 
to Portoferraio porphyry, is the presence of megacrysts (up  to ~ 15 cm) of K-feldspar (3% - 
12 %) (Marinelli, 1955; Marinelli, 1959; Dini, 1997).
San Martino porphyry is an holocrystalline rock with porphyritic texture (porphyricity  index: 
40-50%) with euhedral megacrysts of K-feldspar and phenocrysts of quartz, plagioclase and 
biotite set in a very fine-grained groundmass (<100 µm) constituted by the same minerals 
with accessory apatite, zircon, monazite and allanite. The rock is also characterized by the 
presence of diffused secondary tourmaline and rare small miarolitic cavities, especially in the 
upper portions. Another feature is the presence of magmatic enclaves (<1%) and 
metamorphic xenoliths of different composition, texture and size (1-5 cm).  As for 
Portoferraio porphyry, the hydrothermal alteration is ubiquitous and contact metamorphic 
effects are absent.
The San Martino laccolith occurs as sheets and dykes in western and central Elba. The main 
bodies is constituted by 3 parallel, gently westward dipping layers outcropping in central 
Elba as well some dykes while in Western Elba only dykes occur  (Fig.3-4).
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The filling time of the intrusion of 100 years (Rocchi et al., 2002) has been estimated from 
the dimensions of the main dyke in western Elba and using a conservative slow ascent rate  of 
3 X 10-3 ms-1.
A Rb-Sr wr-Pl-Bt isochron indicates an age of 7.2 ± 0.1 Ma (Dini, 1997). However, 
significant Sr isotopic disequilibrium exists within K-feldspar, and between megacrysts and 
the whole rock. Nevertheless, this Rb-Sr date is quite close to sanidine 40Ar/39Ar isochron 
age of 7.44 ± 0.08 Ma (Dini and Laurenzi, 1999). Isotopic dates are in agreement with field 
observations and indicate that the San Martino porphyry was emplaced after a significant 
period of quiescence.
2.4) Host rocks
San Martino laccolith is fully hosted in Complex V flysch while its feeder dykes cut 
Portoferraio porphyry, Capo Bianco aplite and serpentinites and sedimentary cover of 
Comple IV (Calpionelle limestone and Palombini shales). 
The upper sheets of Portoferraio porphyry cropping out in central Elba (the main part  of the 
body) are hosted in Complex V formations; the lower sheet outcropping in central Elba 
emplaced along the discontinuity  between Complex IV and V: for this reason the floor of this 
sheet is in contact with Complex IV serpentinites. The sheets of Portoferraio porphyry 
cropping out in western Elba are hosted in Complex IV rocks.
Complex IV: Serpentinites
The Ophiolites are part of the Internal Ligurids and represent a portion of "oceanic basement" 
formed by (from bottom to the top) serpentinised peridotites, gabbros, a mafic volcanic layer 
and sedimentary cover. The magmatic rocks have MORB characteristics (Bortolotti et al., 
2001). Serpentinites are cpx-poor Iherzolites and spinel harzburgites (Bortolotti et al., 1994) 
showing an extensive impregnation by mafic melts (Bortolotti et  al., 2001). Olivine and Opx 
are in most cases serpentinised while the cpx is occasionally recrystallised;  spinel occurs as 
massive grains or in relict grains into plagioclase patches suggesting a partial re-equilibration 
from spinel- to plagioclase-peridotite (Bortolotti et al., 2001).
Complex IV: Calpionella Limestones and Palombini shales
Calpionelle Limestones and Palombini shales represent part of the sedimentary  cover that 
overlap the ophiolitic succession in the Complex IV. The Calcari a Calpionelle formation is a 
quite monotonous succession of whitish or pale grey, more or less siliceous, sometimes 
144
Flow induced-structures at the intrusive contacts of Elba laccoliths
cherty, very fine-grained calcilutites, with a typical conchoid fracture . They are well 
stratified, with the beds being one to some decimetres thick; the bedding planes are often 
marked by millimetric smearing of dark grey or blackish shales. The rare cherts, nodules or 
lenses, are pale brown. Toward the top, near the overlying Palombini Shales, the beds are 
separated by thin interbeds of grey shales . According to our biostratigraphic data, the age of 
the base of the Calpionella Limestones in the study area is similar to the age found in 
Southern Tuscany, and is lightly younger than that recorded in Liguria,
Towards the top the formation slowly grades into the Palombini Shales, through the increase 
of the shale and the relative decrease of the limestone. The main lithotypes that characterise 
this formation: a highly  fissile decimetric to pluridecimetric beds of dark to grey shales 
alternating with 10-20 c m-thick beds of more or less siliceous calcilutites, grey in colour 
("palombini"), sometimes showing a gentle graded bedding, with fine calcarenite at the base. 
Regarding its age, the only available data, are from a nannoplancton association fwhich gives 
a Neocomian-Albian age (Bortolotti et al., 2001),
Complex V: Flysch
Complex V includes two tectonically  superimposed flysch formations: a) a Paleocene-Eocene 
flysch  (at the base); b) a Cretaceous flysch (at the top). 
The Paleocene-Eocene flysch crops out in central Elba, west of Colle Reciso. It is cut by 
dikes of porphyries (San Martino and Portoferraio Porphyries) and porphyritic aplites (Capo 
Bianco Aplites) and hosts part  of the Portoferraio porphyry. The main lithotype is a highly 
fissile grey  shale, which occurs in thick beds, and that shows minor intercalations of 
limestones (similar to Palombini) and marlstones, and of rare turbiditic calcarenites, fine-
grained sandstones and very rarely  ophiolitic breccias. Due to the intense tectonisation, all 
these intercalati ons are strongly fragmented and do not constitute continuous levels. 
The unit Cretaceous flysch succession crops out extensively  in central Elba west of Colle 
Reciso hosting part of Portoferraio laccolith and almost all the San Martino laccolith. It is is 
characterised by  alternation of four main lithotypes (Bortolotti et al., 2001): a) grey fine 
grained quartz-feldspathic thin-bedded sandstones; b) thick-bedded (1-4 m), grey, medium/
coarse-grained quartz-feldspathic sandstones with carbonatic cement; c) calcarenitic to marly 
very thick beds (up to 6 m); frequently, their base is made of an arenaceous layer, with 
carbonate cement, grading upward to the calcarenite which in its turn grades to marlstone; d) 
dark grey very fissile shales which occur in beds showing very variable thickness. 
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3) CONTACT FEATURES
Felsic porphyritic multilayer laccoliths of the Elba Island Miocene igneous complex offer a 
wide range of examples of contact features. Where the magma intruded shales and 
serpentinites two distinctive sets of contact features have been identified: a) features defined 
Figure 5 - Deformation structures: a-b) “waves” on upper and lateral contacts with shales of a Portoferraio 
porphyry layer ; c) ropes “pahoehoe-like” contact surface with serpentinites of a Portoferraio porphyry layer; d) 
lobe-shapes of an upper contact and e) “pillow-like”  lobes of a lower contact with shales in the southern sheet 
of San Martino layer (Punta Mele); f) “mega-lobes” structures on a lateral-upper contact with serpentinites of a 
Portoferraio porphyry layer 
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by the external morphology  of intrusive surfaces (Fig.5) (Waves, Lobes, Ropes); b) features 
characterized by  deformation and/or disruption of materials on one or both sides of the 
contact (solid-state stretching lineations, contact breccias, breccia dykes, etc.; Fig.6-7-8).
Contacts against sandstone and limestone are generally planar and devoid of minor structures.
3.1. Geometric forms: Waves, Ropes and Lobes
Contact features include wave structures with geometries ranging from rounded crests and V-
shaped troughs, through sinusoidal forms, to “fully-developed waves” with pointed crests 
(Fig.5.a-b). Scales range from centimetric to metric, often with smaller waves present on the 
surfaces of larger waves. These features, along with those discussed below, are characteristic 
of contacts of porphyry magma against  shale-rich flysch and serpentinite that have entirely 
lost their competence. This structure is particularly abundant along upper contacts both at  San 
Martino and Portoferraio laccolith but it is present along basal contacts even if more rarely.
More poorly  organized forms with asymmetrical shapes occur as decimetric lobate structures 
(lobes) both on oblique and steep  ramp-like surfaces connecting offset floor segments (Fig.
5.d) with superimposed fine-scale waves and weak 
lineations on their surfaces. 
“Pahoehoe” rope structures represent a unique 
style of wave forms in which rounded crests of 
individual waves on the surface of porphyry 
magma obliquely override the underlying wave. 
A spectacular example of such structure outcrops 
at west of Pt. Acquaviva and it characterizes the 
Figure 6 - a) Stretching lineations on a sub-vertical lower contacts with shales of a San Martino sheets; 
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upper contact  of a Portoferraio sheet with serpentinites. (Fig.
5.c).
Lastly, on intrusion floors structures reminiscent of load casts 
or lava pillows may be found (Fig.5.e).
3.2. Deformation structures
3.2.1 Solid state deformation
The fabrics has been considered ‘‘magmatic’’ when it formed 
unequivocally above the magma solidus and solid-state 
deformation features apart undulatory extinction in some 
quartz grains) are missing. The fabrics is termed ‘‘solid-
state’’ when it is characterized by a significant amount of 
plastic (biotite) and brittle (quartz and feldspar) deformation 
of the mineral phenocrysts.
Solid-state stretching lineations are defined by quartz and 
feldspar phenocrysts that experienced deformation at varying 
scales within the outer shell (max 1 cm; usually < 0.5 cm) of 
the intrusions  (Fig.6.b-7). Petrographic studies have outlined 
that the deformation of the sialic phases has been exclusively 
brittle while the deformation of the biotite is both brittle than 
ductile. In particular quartz phenocrysts develops “book-
shelf” asymmetrical fractures (Fig.9) while feldspar 
phenocrysts have undergone to cataclasis with development 
of symmetrical and asymmetrical tails of crumbled grains 
with stretching up to 40 times or more of the initial length. 
The book-shelf structures have the same orientation at the 
outcrops scale. The groundmass between the deformed 
crystals exhibits no evidence for shearing and appears to be 
no different than the groundmass in the interior of the sheets 
Figure 7 - Thin section picture evidencing the transition between solid-
state deformation and magmatic texture
1 mm
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where the phenocrysts are undeformed except for a slightly lower size. 
Stretching lineations are present especially on the laccoliths top contacts but they  are also 
present on basal contacts (even if less evident) and on the dykes walls. On the laccolith 
contacts these lineations commonly occur on the surfaces of the waves described above while 
on the dyke walls they develops on more regular surfaces. Lineation is consistently oriented 
Figure 8 - Disruption structures: fluidized s.l. a) under a Portoferraio sheet and c) under a San Martino sheet; 
fluidized flysch with pieces of Portoferraio porphyry;??????????????????????????? ??e) breccia-dike of serpentinites 
between two Portoferraio porphyry sheets; f) breccia-dike with ophiolites and porphyry pieces inside a shale  
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nearly perpendicular to the axes of wave crests, independent of the regularity of the wave 
pattern. Locally, a mirror-image, fine-scale shear zone occurs in the adjacent fluidized host.  
3.3 Disruption structures
3.3.1 Brecciation/mixing
Disruption structures at  contacts can be described as progressing from laminar structures in 
the igneous rock, involving only small amounts of fluidized host material, to increasing 
degrees of incorporation of such material (Fig.8.a-b-c). Fluidization of the flysch assemblage 
commonly produces chaotic structures with blocks of rigid host and angular porphyry 
fragments “swimming” throughout. Locally, decimetric-scale apophyses of porphyry  occur 
within fluidized flysch. This structures have been found almost exclusively  along basal 
contact although one example of brecciation of the host has been found on roof contact on 
Capo Enfola.
3.3.2 “Breccia-dikes”
This structures has been defined as “breccia-dykes” are tabular bodies (> 10 m in length; 0.1 - 
3 m in thickness) of clast-supported breccias. They occur both in the host rock and in 
intrusive bodies. In host rocks occur as sharp dikes with fragments of the outer hostand of 
porphyry (Fig.8.e). Similar breccias are seen incorporated within the intrusive rock, 
Figure 9 - “Book-shelf” fractures of quartz phenocrysts with common sense of shear in different positions 
respect the undulated contact 
0.5 cm
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apparently  erupted from brecciated contact zones to produce breccia “dikes” containing a 
chaotic mix of porphyry, flysch and ophiolitic clasts (Fig.8.f).
4) DISCUSSION
4.1. Stretching lineations origin
4.1.1. S.S. lineation as inflation of waves?
Solid state stretching lineations in the outer portions of intrusive bodies have been described 
by many authors. Horsman et  al, (2005), Morgan et al., (2008) and Saint Blanquat et al. 
(2006) interpret solid-state fabric to record the relative displacement between the first 
intrusive pulse of magma and the  adjacent wall-rock.
The evidence that stretching lineations are almost everywhere correlated with waves suggests 
that these two features  have a common genesis. In particular, the fact that s.s. lineations are 
oriented perpendicular to crests and troughs of waves  suggests that  stretching of the 
minerals occurred during  formation of the waves  by inflation.  Two main observations 
suggest that this processes is unrealistic (Fig.10): i) quartz and feldspar phenocrysts are often 
stretched  more than 40 times their original length, while the diameter of a circle stretched to 
half the circumference (simulating the inflation of a wave) produces an increase in length of 
only 57%; ii) if the stretching is due to inflation , the sense of motion defined by kinematic 
markers (“book-shelf” structures of quartz) should be opposite on opposing limbs of  waves, 
while the sense of motion in the studied samples is constant on opposing limbs of  waves. 
Figure 10 - Model excluding inflation as the main cause for formation of waves and stretching lineations
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Since observed stretching lineations cannot realistically  be produced by inflation, another 
hypothesis is that they are generated by  magma flow .  To verify that the magma flow is the 
responsible  for the stretching, the investigation of the link between the stretching lineations 
and the magmatic fabric is needed. 
4.1.2 Stretching lineations - AMS 
Since the solid-state deformation characterizes only the outer millimeters (< 0.5 cm) of the 
rock (Fig.7), the relationship  between the solid state fabric and the inner magmatic fabric has 
been investigated with an AMS study  on cores of porphyry  sampled from 0.5 to 2.5 cm from 
the contact. AMS is an easy and non-destructive technique that gives a quantitative 
description of the fabric of a rock (see Appendix for a description of the methodology). Roni 
et al. (Chapter 4 of this thesis) have shown that the carrier of the magnetic signal  in the San 
Martino laccolith is paramagnetic biotite and that the magnetic fabric reflects a magmatic 
fabric.  Stretching lineations are  relatively scarce and difficult to find in the field since the 
outer surface of the intrusion is fairly  everywhere eroded.  Six oriented block-samples were 
collected at contacts for this AMS study, five in the San Martino laccolith and  one  in the 
Portoferraio laccolith  (Fig.4). No heating  experiments  were performed on the Portoferraio 
sample, but since its mineralogy and bulk susceptibility are very similar to the  samples of the 
San Martino laccolith, we assume that the magnetic carrier is the same (biotite) and that the 
magnetic fabric is a magmatic petrofabric.
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From each block were drilled in the laboratory 25 mm diameter cores cut into 22 mm long 
(volume of each sample ~ 11 cm3) samples (6÷10 samples for each block). AMS data  were 
collected  using a AGICO KLY-3S Kappabridge in the laboratory of Rock Magnetism at the 
Earth Science Department of the University of Birmingham, UK.
Results (Table 1) for each sample were compiled using the Anisoft  software package 
downloadable from AGICO website. They are normalized by specimen mean susceptibility 
and averaged for block/sites to produce mean values of the AMS ellipsoid. The 
characterization of within-block variability is possible through the calculation of 95% 
confidence limits on magnitude parameters and on principal axis direction.
Two contacts have been studied along  Segagnana Road (Fig.4). One (SM-SEGX1; Fig.11.a) 
was collected on the frontal/basal contact of a thin sheet (“Segagnana sheet”: thickness ~ 
20-30 m) of the San Martino laccolith. Here the contact it is not planar, but exhibits the 
presence of steps  with the surface  exhibiting the stretching lineation being sub-vertical. The 
Figure 11 - Stereonet with AMS data, stretching lineations and wave crests direction
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stretching lineations on this surface are sub-vertical and parallel to the magnetic lineation 
defined by AMS. Magnetic foliation is sub-parallel to the contact.
The second sample (SM-SEGX2; Fig.11.d) has been collected on the upper contact of the 
same thin sheet described above.  This contact it is also nonplanar, characterized by  steps, 
and  sub-vertical.  Stretching lineations on this contact are oblique but the magnetic lineation 
is sub-vertical. 
Other samples from upper contacts have been sampled in the Casa Ischia sheet (SM-CIX; 
Fig.4-11.e.) and in the Monumento area (SM-SLCX; Fig.4-11.b). The “Casa Ischia sheet” is 
a transversal, bottom-top section of the southern part of the main body of the San Martino 
laccolith (thickness ~ 250 m) and it  crops out in a ~ 500 m long cliff in the northern part of 
Marina di Campo Gulf. The upper contact of this sheet is not planar, but exhibits the presence 
of undulation at centimetric and metric scales. The stretching lineation on this surface and the 
associated magnetic lineation outlined by AMS are sub-parallel and point toward E-SE. Since 
Roni et al. (Chapter 4, this thesis) interpreted the petrofabric of this sheet as the result of 
magma flow toward SE of an inflating intrusion with lobate patterns, stretching lineations in 
this location is generally parallel to main direction of magma flow in the sheet. 
Also “the Monumento area stretching lineations on a upper contact in the Monumento area 
(SM-SLCX; Fig. 4) show good correlation with magnetic lineation (Fig. 11.b). 
The  final sample  was collected from the top  contact of a Portoferraio sheet  cropping out in 
the northern part of Viticcio Gulf (PP-VITX; Fig.4-11.c). This sheet has  a well defined, 
planar upper contact  trending N-S  with dips near  35o  W.  The stretching lineation and 
magnetic lineation defined by AMS are sub-parallel at this location.
Since 1) stretching lineations are almost ubiquitously associated with waves (except for the 
upper contacts of Bardella sill and of the Segagnana sill), and  2) axes  of  waves are 
perpendicular to stretching lineations, the relationship described between stretching lineations 
and AMS can be directly transferred to the waves axis direction and AMS orientation. 
To verify  that there is a correlation between the magmatic fabric and wave geometry, a 
sample (PP-ENFX; Fig.4-11.f)  was collected on the upper contact  of a Portoferraio sheet on 
the Enfola  Peninsula where  waves are present without visible stretching lineations,. The axis 
of the waves is orthogonal to the main susceptibility  axis is sub-parallel to K2  while  the 
magmatic foliation is sub-parallel to the contact.
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4.1.3 Stretching lineations - magma flow
As specified in the previous section, the magnetic fabric in the San Martino laccolith can be 
considered a magmatic fabric (Roni et al., this thesis) and  we assume this to also be true for 
the  Portoferraio laccolith.  At short distances from  contacts, the drag of the magma flow 
along the contact defines a progressive non-coaxial flow  dominated by  simple shear along 
the surfaces (Mackin, 1947; Paterson et al., 1998). Triaxial plane strain results with the 
maximum axis (magmatic lineation) of the strain ellipsoid initially  at 45o to flow directions 
but rotating  towards parallelism with increasing strain. For this reason, assuming that the 
magnetic lineation close to the contact is sub-parallel to magma flow, and considering that the 
the stretching lineations are sub-parallel to magnetic lineation, the stretching lineations are 
sub-parallel to magma flow and their origin can be considered flow-related.
The  imperfect parallelism of stretching lineation and magnetic lineation observed in some 
sites could be explained with an interplay of stresses on the outer “quenched skin” caused by 
magma flow and displacement of the host rock during the propagation of the magma.
4.2. Waves-ropes-lobes formation
4.2.1 Folding processes
In the former sections, we have demonstrated that the genesis of the waves by inflation 
processes is unrealistic. Moreover, the fact that  waves axes are always sub-perpendicular to 
the magnetic lineations clearly shows  a strong relationship between waves geometry and 
magma flow. 
Folding processes related to the flow of viscous lava have been described in detail by Fink 
and Fletcher (1978), Fink (1980) and Gregg (1998). Gregg et al. (1998) have explored the 
conditions in which folds are produced by  flow-parallel compressional forces that  are caused 
by slowing of the magma at 
t h e f r o n t ( t o p o g r a p h i c 
obstacle, formation of a 
frontal strong crust,  distal 
increase in viscosity due to 
enhanced cooling, etc.) and 
stated that as lava flow 
advances, compression may 
Figure 12 - Sketch representing the interpretation regarding the 
origin of the waves for slowing down of magma with push of a 
faster magma from the rear
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deform its cooled surface crust into a series of parallel folds with long axes aligned 
perpendicular to the flow direction, and showed that fold wavelength depends primarily  on 
the ratio of viscosity of the surface crust to that of the flow interior, and on crust thickness. 
Typically, the first folds to appear have relatively small wavelengths and amplitudes, but 
continued compression of the crust may  produce other generations of folds having  longer 
wavelengths  and greater amplitudes . Alternatively, if the crust becomes too thick to deform 
in a ductile manner, additional compression may cause brittle fracturing, as is inferred to 
commonly occur in submarine basalts (Gregg et al., 1998). The rate of crust growth by 
cooling is controlled by the ambient conditions,  magma temperature and thermal 
conductivity, whereas the rate of increase by shortening is proportional to strain rate (Fink 
and Fletcher, 1978; Fink, 1980). If a flow is characterized by high strain and slow cooling 
rates, a relatively  thin crust will deform into many small folds, while if the strain rate is small 
relative to the cooling rate (typical for evolved, high viscosity flows), only a few big folds 
will forms (Gregg et al., 1998).
We would suggest that even if the boundary  terms (intrusive world, different viscosity ratio 
with the host, different pressure conditions) are quite different for the Elba laccoliths, their 
intrusive waves may have a similar genesis and could be due to the slowing of the magma 
front with the simultaneous push of  faster magma in the rear (Fig.12).
4.2.2 Waves-Lobes-Ropes origin
If  wave  development is due to a slowing  of the magma in the forward portions of intrusive 
sheets, the other morphologies (lobes and ropes) may be explained with the same process. In 
particular, the three features could be seen as frozen pictures in a progressive evolution. 
1. Waves are the simplest folding shape showing a symmetrical geometry with respect  to the 
axial plane and could be interpreted as the first stage of deformation due to the slowing of 
the magma in a compressive regime.
2. Lobes have an asymmetrical geometry  relative to the axial plane of the fold and could be 
interpreted as a second stage of deformation. In fact, after formation of the waves, the 
magma could continue  flowing  away from the  contact but   differentially push the waves 
crests  in the direction of  flow.
3. Ropes have a very strong asymmetrical geometry  with  rounded crests of individual 
waves overriding the underlying wave. They could be interpreted as the final stage of the 
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deformational progression. The magma with a stopped front  experiences push of the 
trailing magma, with a consequent rolling over of the former waves and lobes on the 
lower ones to form the “rope”shape.
4.3. Solid state deformation and folds in a single coherent model
The investigation of the stress conditions during formation of wave structures and stretching 
lineations  needs to be considered within the main emplacement model.  Interpretation may 
be problematic because the strong geometrical relationship between these features (magnetic 
fabric and magma flow) supports an almost simultaneous genesis that is difficult to link with 
the fact  that solid-state deformation is  generally linked to “extensional” regimes while the 
waves formation  appears to develop in  a “compressional” regime. 
The progression of events assumed for the formation of stretching lineations and waves is 
(Fig.13): initially (time = ti) the magma cools at  the contact with the host (development of a 
quenched border) but without formation of solid state deformation  or waves (Fig.13.a). At a 
later moment (time = ti + 1), the shear of the underlying flowing magma causes high strain 
Figure 13 - Model of formation of stretching lineations and waves (see text for full explanation); a) time=ti: 
formation of a quenched border; b) time=ti+1: formation of stretching lineations; c) time=ti+2: formation of 
waves; d) time=ti+3: halt of the system.
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rate with the development of solid-state deformation in the quenched border (Fig.13.b). The 
process may continue (time = ti + 2) with a slowing down of the magma front that is still 
pushed by faster magma in the back: the consequence is a compressional regime that cause 
the formation of folds of the quenched but plastic border (Fig.13.c) . 
The evolution of the system (time = ti + 4) may have two different continuations:
i)The system comes to an halt (Fig.13.d). This interpretation suggests that the formation of 
such features happens in the very late stages of the emplacement. The absence of internal 
shear zones disagrees with continuation of flowing under the boundary, because other shear 
zones in the inner portions should be observed with the progressive cooling of the border. If it 
is very  simple to model the formation of waves-lobes-ropes at the end of the system’s life, 
and remembering that formation of the quenched border is assumable in the very first  phase 
when magma comes in contact with a cooler host rock, it is quite problematic to explain the 
formation of solid-state deformation only in the very last phase of the emplacement.  
However, according to Morgan et al., (2008), the formation of solid state deformation at the 
contact could be explained with a transition from Newtonian to non-Newtonian rheology of 
magma (formation of plug flows) due to the increase of viscosity of the magma in the late 
stages of magma emplacement. If magma flows as a plug, the shearing is concentrated in the 
narrow contact shear zone and the strain rate increases exponentially.  Initially, with a 
Newtonian flow, the shear strain was distributed across the entire sheet and the quenched 
border was not  characterized by high strain rate. This jump  in strain rate at the margins 
probably  has resulted in the rupture of the phenocrysts  in the contact shear zones. In the sites 
with stretching lineations, the foliation is sub-parallel to the contacts and this evidence could 
testify to high strain shear zones. The change of the rheology  of the magma in the late stages 
of emplacement could be supported by the exsolution of magmatic fluids that  could enhance 
the crystallization (and increase of viscosity)  as well as promoting brittle behavior of the 
crystals in the border zone. The transition from Newtonian flow to non-Newtonian leading to 
plug flow is similar to numerical modeling results for flow in volcanic conduits (Gonnermann 
and Manga, 2003) and has been proposed for various magmatic flows within dikes, sills and 
channels (Komar, 1972; Harris et al., 2002). 
ii) The system continues its evolution: this hypothesis is supported by  the development of 
second and third generations waves, lobes and ropes, but in particular it is in accord with the 
formation of stretching lineations at early stages of magma emplacement after magma is 
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quenched at the contact with the colder host rock. The problem  with this interpretation is 
how to explain the absence of progressive solid-state deformation in the inner portions. 
However, as suggested by Saint Blanquat et al. (2006), if the laccolith has been fed  from 
below as appears to be the case for the Elba laccoliths (Roni et  al., this thesis), then the upper 
part of  a laccolith  would represent the earliest pulse. Consequently, the solid state 
deformation could be the record of the relative movement between the first  intruding magma 
and the host-rocks. 
The presence of the waves geometrically linked to the stretching lineations causes another 
problematic temporal and physical constraint on this model, needing the slowing of the 
system in an early phase of the laccolith-growth. This problem could be resolved by 
assuming that the first intrusive pulse was a sill that reached its maximum extent, slowed 
down, and stopped at the front with subsequent formation of folds.  This phase was followed 
by the injection of new magma and  uplift of the host rock by vertical growth of the system. .
4.4. Deformation and disruption processes: where, when, why?
The described “disruptions structures” suggest the loss of cohesion of the host material (due 
to flash release of pore/lattice volatiles or  by input of magmatic fluids) and in particular the 
development of a condition in which two fluids of differing viscosity are in contact. 
However, the presence of undulatory   contacts contrasts with the propagation of concordant 
sheets by brittle failure and cracking ahead of the intrusion, since undulation and crenulation 
are expected if one viscous fluid propagates into another (Pollard et al., 1975). Moreover, it  is 
only where magmas were emplaced against fluidized shale or serpentinite that the intrusive 
margins exhibit folds and stretching lineations. In contrast, contacts against cohesive 
sandstone and limestone are generally planar and devoid of minor structures.
Fluidization of host sediment, in this sense, is probably  an important process accompanying 
intrusion of magma into wet sediment, and probably  gives rise to mingling of sediment and 
magmatic components. In particular, a fluidization s.s. process, as described by Kokelaar 
(1982) and Schofield (2010),  is characterized by mobilization and expansion of pore fluids 
as result of an external process that causes a rapid drop in fluid pressure (triggered 
fluidization; Kokelaar, 1982) or through the heating and volatization of pore fluids by  the 
magma (thermal fluidization; Kokelaar, 1982). However,  compaction, cementation and 
diagenetic processes reduce the volume of pore fluids and when host material becomes a 
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competent rock without pore fluids,  fluidization is inhibited (Schofield et al., 2010). The host 
rocks of the  San Martino and Portoferraio laccoliths are competent rocks without pore fluids 
and fluidization s.s. processes can be excluded. 
However, brecciation processes (fluidization s.l.) could be explained with high pressure of 
fluids that could have a magmatic origin (exsolution of fluids from magma during 
crystallization) or could come from the host   by  dehydration of clay minerals in the shales 
and of serpentine in the ophiolites.
A first-order investigation of the occurrence of dehydration processes has been done  using 
XRD methods to study samples of shales and serpentinites both  near and far from contacts 
(50 m) in order to evaluate if  intrusion of magma led to changes  in mineralogy (in particular 
hydrated phases).
XRD analysis on shale samples have shown only minor variations in the mineralogy: a 
sample of “fresh” shale without evidence of alteration and weathering has shown the 
presence of quartz, white-mica, kaolin, albite and calcite, while a sample of shale very  close 
to the contact (< 10 cm) is composed by  quartz, white-mica, chlorite, albite.
XRD studies on ophiloites has shown major changes: in fact the ophiolite sampled far from 
the intrusion (> 100 m)  consist of serpentine, pyroxene (diopside) and dolomite, while a 
sample of serpentinite collected on the contact  showed the disappearance of serpentine and 
the formation of Fe-Mg amphiboles (probably anthophillite or tremolite). This change of 
mineralogy is probably an effect of thermo-metamorphism.
This preliminary XRD investigation points  out the scarcity of dehydration processes and 
suggests that the fluids must have another origin. It is, therefore, realistic to assign to 
magmatic fluids a predominant role in the brecciation processes. The important role played 
by late magmatic fluids is also testified to by the strong hydrothermal alteration of the 
laccoliths. Moreover, the presence of host-material dikes  within the porphyry  indicates that 
the magma had  a semi-brittle rheology during this phase and  that  “host-dike” formation is a 
very late process.
The magmatic fluids exsolved  during crystallization apparently moved toward the contact 
due to the heat of the still-molten interior driving the fluids toward the host, but that  shale (or 
ophiolite, or even aplite) acted as an “impermeable coat” around the laccolith preventing the 
escape of fluids and further enhancing the increase   in water pressure. 
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CONCLUSIONS
Felsic porphyritic multilayer laccoliths of the Elba Island Miocene igneous complex offer a 
wide range of examples of contact  features that have been distinct in two main sets, 
particularly where the laccoliths intruded shales and serpentinite. 
Features in the first  set are defined by deformation of external morphology of intrusive 
surfaces with formation of folds (as waves, lobes and ropes) and solid state-deformation. 
Folding features have been interpreted as different stages of a progressive evolution in which 
magma is slowing down and it  is pushed by a faster magma in the rear with consequent 
compression and formation of folds. Solid state stretching lineations are due to the brittle 
stretching of quartz and feldspar phenocrysts and their sub-parallelism with magnetic 
lineations suggest that they are flow-related. Moreover, these linear features occur on wave 
surfaces and are oriented perpendicular to wave crests, independent of the regularity of wave 
patterns. This geometrical correlation puts a strong constraint on models of their genesis and 
also on the overall emplacement model of the magmas. These  features could be formed at 
very late stages of the emplacement process (and their formation could be followed by the 
halt of the system) or they  could be formed  earlier  at the end of the sill-expansion stage of 
the system (and could be followed by the inflation of the system). In both interpretations the 
“sine-qua-non” conditions are: i) the small temporal gap between  development of stretching 
lineations and waves  structures and ii) the transition between a stretching regime (during the 
propagation of the magma) and a compressive regime (for slowing down of the magma). 
According to these interpretations, both stretching lineations and waves can be considered 
good flow indicators on a very local scale. However, the good correlation between the local 
flow and the general flow in the body core in the “Casa Ischia sheet” suggests that sometime 
petrofabric at contact could reflect the general flow direction of the intrusion.
 A second set of features is characterized by disruption of materials on one or both sides of 
the contact with formation of chaotic structures with blocks of rigid host  and angular 
porphyry fragments “swimming” throughout the fluidized host. Locally, decimetric-scale 
apophyses of porphyry occur within fluidized flysch and disrupted breccias near contacts are 
seen incorporated within the intrusive rocks. Contacts against sandstone and limestone are 
generally planar and devoid of minor structures. 
This structures suggest the loss of cohesion of the host material and in particular the 
development of a condition in which two fluids of differing viscosity  are in contact,  since 
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undulation and crenulation of  contacts are expected if one viscous fluid propagates into 
another (Pollard et al., 1975). The absence of pore fluids in the laccolith host  rocks excludes 
fluidization s.s. processes as described by Kokelaar, (1982). XRD analyses have shown that 
dehydration of the minerals cannot be a main process responsible for the high quantity of 
fluids needed. It is therefore plausible that magmatic fluids, which exsolved  during 
crystallization, moved toward the contact as heat  from the still-molten interior  drove the 
fluids toward the host, which in turn  acted as an “impermeable coat” around the laccolith 
preventing the escape of fluids and enhance increasing fluid pressure. According  to this 
interpretation, the lack of a metamorphic aureola, the strong hydrothermal alteration, and 
fluidization s.l. (brecciation) processes are linked, and fluidization of the host has  not played 
a primary role in  making space  for emplacement of the laccoliths.
APPENDIX - METHODS
A.1) Anisotropy of magnetic susceptibility (AMS)
AMS is a low cost, quick, easy and non-destructive technique that gives a quantitative 
description of the crystalline fabric of a rock. It describes the variation of magnetic 
susceptibility with direction within a material and represents the contribution of all the rock-
forming minerals (not only  with iron oxide-bearing rocks): dia-, para- and ferromagnetic 
minerals. AMS is the tensor which relates the intensity of the applied fied (H) to the acquired 
magnetization (M) of the material through the equation: Mi = KijHj, in which the 
proportionality Kij is a symmetrical second-rank tensor referred to as the susceptibility  tensor 
(Tarling and Hrouda, 1993). This tensor is expressed by its principal eigenvalues 
(susceptibility magnitudes) and eigenvectors K1>K2>K3 whose orientations represent the 
maximum, intermediate and minimum axes of susceptibility, respectively. The K1 axis 
represents the magnetic lineation while K3 is the poli of the magnetic foliation (the plane 
formed by K1 and K2 axes). 
Paramagnetism is a slightly positive magnetic susceptibility that is carried by  Fe-bearing 
silicate minerals (biotite, Fe-muscovite, amphibole, pyroxene, garnet, cordierite and 
tourmaline), hematite and ilmenite. In this case the AMS is due to the the preferred 
crystallographic orientation of these minerals (magneto-crystalline anisotropy) (Bouchez, 
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1997). Ferromagnetism s.l. (including ferromagnetsim s.s., weak ferromagnetism and 
ferrimagnetism) has a positive K that becomes null at high field strengths and in granites the 
main mineral with this property is magnetite. The magnetite grains can be multi-domain 
(MD) or single-domain (SD). In the MD (titano)magnetite grains the origin of AMS is 
usually  intimately  related to the grain shape (shape-anisotropy), in which K1 and K3 are 
parallel to the long and short axis, respectively, of the particle. Sometimes AMS can be also 
related to the distribution anisotropy of magnetite grains  (Hargraves et al., 1991) and in other 
cases to magnetic grain interaction within a rock (Canon-Tapia et al., 1996). On the other 
hand, if small SD magnetite prolate grains are present in the rock, an inversion of the axes 
might occur because such grains have K1 perpendicular to the long axis of the grains, 
whereas K3 is parallel to it (Stephenson et al., 1986; Rochette et al., 1991; Rochette et al., 
1992).
Magnetite has a specific susceptibility about three orders of magnitude higher than that of 
biotite. Thus, if in a magnetite-type granitic rock, the paramagnetic contribution of Fe-
bearing silicates is negligible, in a paramagnetic rock the presence of ferromagnetic minerals 
(magnetite), can change the magnetic signal in a strong way (Tarling and Hrouda, 1993). 
A.2) XRD - Ray-X Diffraction
X-ray powder diffraction patterns were collected using a PW1830 diffractometer, with Ni-
filtered Cu Kα radiation, operating at 40 kV, 20 mA. Scanning speed was 0.25°/min and the 
scan range was set between 3° and 70° (2θ). The powder patterns were interpreted using the 
software WINFIT (Krumm, 1997). The set  of dhkl/I allowed the identification of the phases 
occurring in the powdered (5-10 µm) sample.
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ABSTRACT 
In recent years, magma flow in mafic dikes or lava flows has received much more attention 
than flow in horizontal sheet-like mafic intrusions. This work contributes to fill this shortage 
of knowledge of feeding and growth mechanisms of very shallow intrusions (less than 1 km), 
as well as of the shift from vertical to horizontal movement of low viscosity magmas.
The case study is the small  Early Pliocene intrusion of Orciatico (Pisa, Italy), a lamproitic 
igneous body  that was emplaced at  very shallow depths (ca. 50 m). The Orciatico intrusion is 
composed of four units: the main body (maximum axis  ~ 600 m, mean thickness ~ 50 m); a 
subvertical dike (length ~ 300 m, width ~ 5-15 m); the connection zone between the dike and 
the main body, containing blocks of stoped host rock and roof pendants; a thin sill extending 
northward (maximum axis ~ 500 m; thickness ~ 5?).
The orientation of cooling surfaces helps to constrain the attitude of greatest extension of the 
igneous mass as they tend to be close and perpendicular to the contacts while the deflection 
and uplift of host-rock bedding close to contacts provides an insight into the inflation style. 
The internal fabric of the laccolith should reflect emplacement processes and has been 
studied by means of the anisotropy of magnetic susceptibility  (AMS) technique.  The 
comparison of AMS results with the measured vesicle attitude (abundant in the dike and at 
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the main body contact) strengthens the validity of AMS analyses. The magnetic mineralogy, 
investigated with heating/cooling experiments, is dominated by paramagnetic phases (iron-
rich phlogopite) with very minor ferromagnetic phases (ti-magnetite and ti-maghemite).
Fabric data suggest that the intrusion was feed laterally by the dike bordering the main body 
and that  the growth is probably related to a simple inflation model after the propagation of a 
sill. 
1) INTRODUCTION
The study of how magma flows in mafic sills and dikes is important for the general 
understanding of magma emplacement mechanisms as well as for linking intrusive 
magmatism and volcanic centres to local tectonic environments.
In recent years magma flow in mafic dikes or lava flows (Canon-Tapia et al., 1996; Canon-
Tapia et al., 1997; Aifa and Lefort, 2001; Callot et al., 2001; Callot and Guichet, 2003; 
Aubourg et al., 2008; Loock et al., 2008; Zavada et al., 2009) has received much more 
attention than flow in horizontal sheet-like mafic intrusions and how the magma is injected 
into sills is still poorly understood also for the lack of papers that study  horizontal igneous 
bodies with their own feeder dikes.
The Early Pliocene Orciatico lamproitic intrusion (Tuscany, Italy) provides a good 
opportunity to study  the emplacement mechanisms of mafic igneous bodies as well as the 
shift from vertical to horizontal movement of low viscosity  magmas since this small intrusion 
is composed by a main sub-horizontal tabular body, a feeder dike and a well-exposed 
connecting zone.
The magma flow has been mainly investigated with the use of anisotropy of magnetic 
susceptibility (AMS) but also with field measurements of vesicles attitude. The vesicles 
found can be very good indicators of flow but it  is important to keep  in mind that buoyancy 
effect of rising pipe vesicles can also affect the vesicle lineation near the centres of dikes or 
other bodies (Varga et al., 1998). The  use of vesicle elongation and flattening to constrain 
magma flow directions is scarce in the literature (Shelley, 1985; Varga et al., 1998) but its use 
can be significant to make a comparison with AMS data (Philpotts and Philpotts, 2007).  In 
fact AMS has been proved to be a valuable tool for defining magma flow directions in tabular 
intrusions  but  its interpretation  is not always straightforward especially in  the study case for 
the total lack in literature of AMS works on lamproitic rocks.
170
Emplacement of Orciatico dike-sill complex
AMS and structural data, coupled with the detailed geological mapping of contacts of 
Orciatico lamproite allowed the reconstruction of magma flow patterns providing new 
insights on relative temporal evolution of the emplacement processes (feeding vs. horizontal 
spread vs. vertical inflation) of such a shallow mafic intrusive complex. 
2)  GEOLOGICAL BACKGROUND
2.1) Geological setting 
The overall tectonic/structural setting of the Italian region derives from the movement of 
Africa converging toward Eurasia at about 1-2 cm/a on average over the Tertiary, with a total 
convergence estimated in 400-500 km in the central Mediterranean (Dewey et al., 1989). 
During that time, the continuous subduction of the Ionian-Adriatic lithosphere north-
westwards underneath the Eurasian plate led to the formation of the Apennine orogeny  and 
back-arc extension (Malinverno and Ryan, 1986; Keller and Pialli, 1990).
Regional extension was coupled with the eastward-progressing magma generation and 
emplacement of the plutonic, sub-volcanic and volcanic complexes of mixed crust-mantle 
origin rocks of the Tuscan Magmatic Province (TMP) (Serri et al., 1993) (Fig.1.a). Although 
acid peraluminous volcanic and intrusive bodies are very common, a large quantity of mafic 
magmatism took place in Tuscany showing an important mantle derived origin of TMP 
magmas (Peccerillo, 2005).
The Mafic Group from the TMP (Poli et al., 2003; Poli, 2004)defines a type of mafic rocks, 
saturated to slightly  over-saturated in silica, with different petrological affinities: ultrapotassic 
(mainly lamproites), shoshonitic, and high potassium calc-alkaline. The lamproite outcrops 
are situated in Montecatini Val di Cecina, Orciatico, Campiglia, and Torre Alfina (Fig.1.a) 
(Peccerillo et al., 1988; Conticelli et al., 1992; Conticelli, 1998).
The TMP was affected during the Neogene by an extensional stress field trailing the eastward 
progressing front of the Apennines, which caused the formation of NNW-SSE horst and 
graben dissecting the propagating compressional belt. The igneous activity, dominated by 
crustal-hybrid products and minor mantle-derived products (e.g. Orciatico lamproite) are 
spread over 30,000 km2 and followed the migration of the extension from west (14 Ma) to 
east (0.2 Ma) in an extensional ensialic back-arc setting. The intrusion of Orciatico is located 
on the western edge of the NNW-SSE Val d'Era graben, its emplacement having been 
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controlled by the NNW-SSE trending faults (Fig.1.a) related to the post-tectonic extensional 
regime at ca. 4.1 Ma (Borsi et al., 1967).
2.2) The lamproite intrusive complex
Stefanini (1934) described  in detail the  geological features of the Orciatico lamproite 
intrusion (named “selagite” from the old term used by Hauy 1822 for volcanic rocks 
composed by amphibole, feldspar and mica) and the contact metamorphic aureole derived by 
re-crystallization of the Pliocene clay host rocks (named “termantite”). Thanks to the limited 
extent of agricultural activities and the excavation of new roads and trenches for water 
captation, he was able to define the geometry of the lamproite intrusion providing an 
outstanding 3D reconstruction of the dike-sill complex (Fig.1.b.). Most of such outcrops are 
no longer available due to urbanisation and development of agricultural activities, but  photos, 
drawings and the extremely detailed descriptions are still available in the Stefanini’s paper 
(1934). It represents one of the best  studies on subvolcanic complexes in Italy until recent 
times (see Dini et al., 2008 and reference therein) and it serves as a main reference dataset  for 
developing and interpreting the AMS/structural study. 
Stefanini (1934) interpreted the Orciatico lamproite intrusion as made by three main portions:
Figure 1 - a) Geographical and geodynamical context of the Orciatico laccolith (adapted from Westerman et 
al., 2004). Some of the igneous outcrops belonging to the Tuscan Magmatic Province are represented in the 
map. The ages of these products are clearly related to their location, being the youngest bodies the easternmost 
ones, and the oldest body, Sisco, intruded in Corsica. b) Geological map from Stefanini (1934)
300 m
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1) a sub-vertical feeder dike trending NW-SE (length ~ 350 m; thickness ~ 5 m), cropping out 
in the south-eastern part of the study area (Fig.1.b.) with a well-exposed dike-laccolith 
connecting zone. On the basis of feeble observation, he hypothesised the NW prosecution 
of the dike, through the main sub-horizontal tabular intrusion. 
2) a main laccolithic intrusion (Fig.1.b) with a convex-up roof (thickness of ~ 40-60 m; 
maximum length 600 m; a minimum axis ~ 300 m), generally dipping 10°-30° to NE, that 
was  asymmetrically emplaced, uphill on the south-western side of the feeder dike.
3) a minor sill intrusion (thickness < 5 m; length ~ 500 m) dipping 10°-30° to NE that was 
emplaced downhill on the north-eastern side of the feeder dike (Fig.1.b)
2.3) Petrochemistry
The Orciatico lamproite is made up by phlogopite, clinopyroxene, olivine, amphibole, 
sanidine with minor oxides (spinel, ilmenite) and accessory minerals (zircon, REE silicates). 
The texture of  the rock changes gradually  from the contacts to the inner portions of the 
intrusive body. The feeder dike and the contact zones show textures varying from aphyric to 
slightly porphyritic with aphanitic groundmass (Conticelli et al., 1992). Skeletal olivine and 
ehuedral clinopyroxene and phlogopite are the most abundant phenocrysts set  in a 
cryptocrystalline groundmass dominated by sanidine. The inner portions of the main sill 
intrusion is characterised by higher porphyricity with abundant euhedral olivine and 
clinopyroxene phenocrysts coupled with phlogopite plates (Fig.2.a) and rare amphibole, set 
in a groundmass made up by fine-grained, subhedral-anhedral crystals of sanidine. Near the 
contacts, lamproite displays many large vesicles (up  to 18 cm) with a strongly anisotropic 
shape (flattened and/or elongated; Fig.2.c-d) and a consistent orientation at the mesoscale. 
The vesicles walls are  frequently  coated by iron hydroxides and clay minerals that outline 
their shape and attitude.
Orciatico lamproite is an ultrapotassic, silica oversaturated, high silica (63-65 wt%) rock with 
high Mg# (Mg/Mg+Fe atomic ratio = 75-80), Ni (up  to 350 ppm) and Cr (up to 800 ppm), 
and low Al, Ca and Na (Peccerillo et al., 1988; Conticelli et al., 1992). Orciatico as well as 
the other Tuscan lamproites are characterised by unusually high 87Sr/86Sr (0.716) and low 
143Nd/144Nd (0,5121) ratios coupled with high LILE/HFSE ratios.
The highly ferromagnesian compositions combined with the low amounts of low melting 
elements (i.e. Ca, Al, Na) strongly suggest the generation of Orciatico lamproite magma by 
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partial melting at  low pressure (< 50 km) of a mantle source that had been affected by 
extraction of basaltic liquids prior to the metasomatism (Innocenti et al., 1992; Conticelli et 
al., 1992). The high LILE abundances, coupled with the high 87Sr/86Sr and the low 143Nd/
144Nd ratios in these rocks, indicate that such a depleted harzburgite source underwent 
enrichment from metasomatizing fluids derived by crustal material subducted within the 
upper mantle during the Alpine-Apenninic cycle (Serri et al., 1993; Peccerillo, 1999). The 
lamproitic magma that fed Orciatico intriusion is just  one of the several mantle-derived 
magmas that contributed to the magmatism of the Tuscan Magmatic Province (Innocenti et 
al., 1992). The large variety of mafic magmas (lamproites, shoshonites, K-andesites) calls for 
an origin in a heterogeneous mantle domain that was locally  activated through time and space 
during the eastward migration of the extensional tectonics of the Northern Tyrrhenian-
Apennine system. Mafic magmas were rarely emplaced at surface (Capraia island) or in 
subvolcanic bodies (Orciatico, Montecatini Val di Cecina) and mainly triggered crustal 
Figure 2 - a) Thin section picture representing an elongated crystal of phlogopite, bowlingitised olivine and 
oxides (crystals of ilmenite); b) outcrop showing cooling fractures; c) outcrop of lamproite bearing different 
sized vesicles that may vary from a few millimetres to several centimetres;  d) outcrop showing curved vesicles 
parallel to the curved contact of the lamproite with a roof pendant of termantite in the connection zone
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melting and hybridism responsible for the widespread emplacement of granite intrusions 
throughout the Tuscan Magmatic Province.
3)  METHODS
3.1) Use of vesicle orientation as a flow indicator
Anisotropic (flattened and/or elongated) vesicles can be used as strain markers and their 
orientation can contribute to determine flow directions and magma paths prior to complete 
solidification of the body (Shelley, 1985; Varga et al., 1998; Philpotts and Philpotts, 2007). At 
Orciatico, vesicle orientation has been measured in 14 outcrops (Table.2; Fig.7.a) where the 
vesicle sizes were large enough to measure their orientation directly in the field using a 
magnetic compass: all these stations are very close to the contact with the host rock or the 
stoped blocks. 
The vesicles have a triaxial shape with an high axial ratios (up to 23:1) (Fig.2.c): for this 
reason it has been straightforward to measure almost everywhere the magmatic foliation 
(parallel to the flattening plane) while magmatic lineation (parallel to the maximum 
elongation axis) measurement has been performed in only 8 stations for the difficulty to 
determine the elongation direction of the vesicles. For each station it has not been necessary 
to measure a large number of vesicles (only  5 per station), because the attitude of the vesicles 
is coherent at the outcrop scale.
3.2) Anisotropy of magnetic susceptibility (AMS) studies
AMS is an inexpensive, fast and precise technique giving a quantitative description of the 
magnetic fabric of a rock. The AMS technique measures the variation of magnetic 
susceptibility with direction within a sample of rock of standard volume (~11cm3). This 
variation is described mathematically  by means of a second-rank symmetrical tensor (Kij) 
which relates the intensity  of the applied field (H) to the acquired magnetisation (M) of the 
material through the equation: Mi = KijHj (Tarling and Hrouda, 1993). This tensor can be 
visualised as an ellipsoid where its principal eigenvalues (susceptibility magnitudes) and 
eigenvectors K1>K2>K3 represent the maximum, intermediate and minimum axes of 
susceptibility, respectively. The K1 axis represents the magnetic lineation while K3 is the 
pole of the magnetic foliation (the plane formed by K1 and K2 axes).
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Rocks present two main magnetic behaviours: paramagnetic and ferromagnetic. 
Paramagnetism is a slightly positive magnetic susceptibility that is carried by  Fe-bearing 
silicate minerals, hematite and ilmenite while ferromagnetism has a positive susceptibility 
that becomes null at high field strengths and the main mineral with this property is magnetite. 
Paramagnetic minerals have a “crystalline anisotropy” (AMS is caused by preferred 
orientation of crystallographic axes) while magnetite has a “shape anisotropy” (AMS is 
controlled by the shape preferred orientation of individuals grains or grain aggregates). 
The contributions of paramagnetic and ferromagnetic minerals to the whole AMS signal is a 
function of the intrinsic susceptibility of the minerals (magnetite has a specific susceptibility 
about three orders of magnitude higher than that of biotite) but also on their concentration in 
the rock (Tarling and Hrouda, 1993): for this reason a correct identification of the magnetic 
mineralogy is necessary.
Many parameters has been used to define the magnitude of the anisotropy  and shape of the 
susceptibility ellipsoid. In this paper we use the conventional plot T (shape of anisotropy) vs 
Pj (anisotropy degree) following (Tarling and Hrouda, 1993):
Pj = exp ((2*((n1-nm)2 + (n2-nm)2 + (n3-nm)2 )) 1/2)    where ni= ln Ki and nm= (n1+n2+n3)/3 
T = [2ln(K2/K3)/(ln(K1/K3)]-1
Another important parameter is the mean (or bulk) susceptibility (Nagata and Kinoshita, 
1965) of each specimen that is given by: Km=(K1+K2+K3)/3 
For this AMS study, block-samples were collected (oriented by a magnetic compass) from 43 
sites (Fig.8): 7 from the feeder dike (OD1-9), 9 from the connection zone (OS10-16) and 24 
from the main body (OS1-9, OS17-34). In the dike it was not possible to collect data close to 
both walls due to the lack of suitable outcrops.
The samples from the main body record different positions in the main body despite the 
shortage of suitable outcrops: 
• samples close to the upper contact ( < 1 m) (OS9, 24, 25, 26, 27, 28, 29)
• samples from inner parts of the intrusion ( > 1 m) (OS1, 4, 17, 18, 19, 20, 21) 
• samples close to lateral terminations (OS6, S22)
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• samples from the continuation of the dike in the main body (OS 8, 30, 31, 32)
• samples close to the lower contact (OS33, 34)
Samples were drilled in laboratory to obtain 25 mm-diameter, 22 mm-length cores (volume 
of each sample ~ 11 cm3). It has been ensured more than 8 cores each station (8÷12; usually 
10) to strengthen statistical analyses of the data. The samples were measured on a AGICO 
KLY-3S Kappabridge in the laboratory of Rock Magnetism at Earth Science Department of 
University  of Birmingham, UK. Results for each sample were compiled using the Anisoft 
software package downloadable from AGICO website (www.agico.com) They are normalised 
by specimen mean susceptibility and averaged for block/sites to produce mean values of the 
AMS ellipsoid. The characterisation of within-block variability is allowed through the 
calculation of 95% confidence limits on magnitude parameters and on principal axis 
direction.
4)  RESULTS
4.1) Geometry of the Lamproite dike-sill complex 
The new geological survey conducted at 1:2000 scale confirmed most of the observations 
made by Stefanini (1934) leading to a similar interpretive model for the intrusion (Fig.3). The 
three intrusive zones established (Stefanini, 1934) are still valid (feeder dike, uphill main 
tabular expansion and downhill minor tabular sill) and quite surprisingly in contrast  with the 
most recent geological map available for the area (Progetto CARG, Foglio 285 - Lajatico, 
Sezione 285-III).
However, the use of an improved topographic map coupled with AMS and structural 
measurements led to some differences for the geometry of the main intrusion (Fig. 3). The 
new geological sections indicate that the roof of the body is convex-up only in few points 
while, in general, it is strongly undulated (Fig.3). The maximum thickness measured in cross-
section is ~ 50 m but the average thickness is ~ 30 m and quite constant over the whole 
intrusion. For this reason  it cannot be considered a true laccolith but more simply a sill  with 
undulated roof.  Another important new feature is the identification of one tiny sill (1 to 5 m 
thick) under the main body that crops out in two areas  at the north-eastern end of the 
intrusion. 
A prominent structural feature that has been useful for constraining the geometry of the 
magmatic body is represented by the cooling joints (Fig.2.c-4). In fact, joints developed when 
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Figure 3 - New geological map of the Orciatico intrusion (mapped at 1:2.000) and three geological. The 
Intrusion is red while the termantite is yellow. The interpreted map (light colours) is the result of  a detailed 
mapping (darker colours) completed with the observations of Stefanini (1934).  The geological sections let 
defining the maximum and average thickness (see text)
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the intrusion margins cooled at a higher 
rate than its inner parts because of their 
direct contact with the host rock (i.e. 
thermo-metamorphic clays), causing a fast 
contraction and subsequent cracking due to 
thermal stress. Therefore, the cooling 
cracks could be assumed perpendicular to 
the outer contact and, consequently, can be 
used to define not-visible contacts. 
Aside some rare cooling surfaces identified 
within the main body and in the feeder 
dike, there are two main areas where a 
significant amount of joints is present: the 
southern part of the main sill and the 
connecting zone between the feeder dike 
and the main sill. In the connecting zone, 
joints show variable orientation due to the 
complex orientation of the multiple 
magmatic contacts between the lamproite 
and entrapped blocks from the country 
rocks. In this area some joints developed 
perpendicular to the internal contact 
surfaces and not to the external contact. 
At the southern part of the main body, 
joints have been measured in ten different outcrops (far each other ~20 m; Fig. 4.c). Joints 
have a general N-S orientation (average strike 165o) and are subvertical (dipping slightly 
toward west) (Fig.4.b). The coherence exhibited by the orientation of the joints of different 
stations is remarkable: at least  seven out of the ten outcrops show joints orientation within 
25º of strike and dip angle. Not only, in at least two localities, two families of conjugate and 
perpendicular joints are distinguished (4.a): one family  is sub-vertical and the second one is 
sub-horizontal. This could indicate the nearby presence of a sub-vertical contact with a E-W 
orientation (the southern lateral contact) even if it does not crop out.
Figure 4 - 
Cooling Surfaces: a) Outcrop displaying two 
perpendicular families of cooling surfaces. b) 
Rose diagram representing joints data in the 
southern part of the main body enhancing a 
preferential spatial orientation of the cracks.  c) 
stations in the southern part of the intrusion (grey 
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4.2) Vesicle orientation
Vesicle orientation has been measured in 14 stations (Fig. 7, 8, 9; Table 2) from the best 
preserved outcrops of the Orciatico lamproite. In the main sill, three stations are very close (< 
1 m) to the roof of the intrusion and have been selected for following the roof from NE to 
SW (OS24, O25, OS26), one station (OS34) is close (<1 m) to the lower contact and one 
station (OS6) is probably  very  close to the lateral north-western contact although is not 
directly  visible (Fig.7). In the feeder dike the lamproite is strongly vesiculated but almost all 
outcrops are probably not in place or have been tilted from the original position: for this 
reason in the dike only two stations have been selected, one close to the southern termination 
(OD2) and one close to the connecting zone (OD7) (Fig.8). In the connecting zone vesicle 
orientation was measured in 6 stations (OD8, OD9, OS11, OS12, OS13, OS14) (Fig.9): all 
the measured vesicles are placed near (< 50 cm) the internal contacts with the entrapped 
blocks of country rocks.
The main result is that in general the flattening plane (magmatic foliation) of all the measured 
vesicles is sub-parallel to the contact with the host  rock (main  sill) or to the outer surface of 
the stoped blocks (connection zone) (Fig.2.d).
In particular, the vesicle orientation close to the upper contact of the main sill has a very 
variable orientation but is parallel to the morphology  of the roof that is not perfectly planar 
but it is undulated. The shape of these vesicles is very flattened.  In the station OS6, close to 
the northern-lateral contact, the foliation is sub-vertical, the lineation is sub-horizontal and 
the shape of the vesicles is quite triaxial.  In the station OS34, close to the lower contact, the 
foliation and the lineation are parallel to the the contact: the foliation is quite steep  while the 
the lineation is not very steep. The vesicles in this outcrop are very elongated. In the feeder 
dike the magmatic foliation is sub-vertical and the lineation is sub-horizontal in both 
terminations. The vesicles in the dike are generally strongly  elongated. In the connection 
zone the attitude of the vesicles depends on the presence of the roof pendants and stoped 
blocks because the vesicles envelop them  and the shape is quite variable.
4.3) Magnetic mineralogy: SEM, bulk susceptibility and heating experiments:
The relationship between the mineral preferred orientation of a rock sample and its magnetic 
fabric depends on the nature of the magnetic minerals: for this reason it is essential to 
180
Emplacement of Orciatico dike-sill complex
recognise the magnetic mineralogy that 
has been studied with magnetic studies 
(bu lk suscep t ib i l i ty and hea t ing 
experiments that show the variation of 
susceptibility with the variation of the 
temperature).
Many iron-bearing phases are present in 
the Orciatico lamproite: phlogopite (FeO ~ 
11 wt%) diopside (FeO ~ 2 wt%), olivine 
(FeO ~ 12-25 wt%), ilmenite (FeO ~ 50 
wt%; Ti ~ 48 wt%) and minor chromite 
(FeO ~ 50 wt%) (Conticelli et al., 1992). 
In particular, also if olivine and 
clinopyroxene are more abundant, 
phlogopite and ilmenite are the main 
paramagnetic phases.
For rocks containing a significant modal 
proportion (ca 10 %) of paramagnetic 
minerals, Tarling and Hrouda (1993) 
stated that the AMS of the rock depends 
mainly on the ferromagnetic minerals if 
the bulk susceptibility is above 5 x 10-3 
[SI], whereas the paramagnetic fraction is 
the main contributor to AMS for bulk 
susceptibility below 5 x 10-4 [SI]. 
Since the Orciatico lamproite have Kbulk 
between 1.45 x 10-4 and 1.61 x 10-3 [SI] 
(Table.1) some heating experiments were 
performed in order to study the nature 
(para- or ferro-) of the carrier of the 
magnetic signal. In general, heating 
experiments on lamproite samples with 
Figure 5 - Heating experiments: a) - b) homogeneous 
decrease of susceptibility during heating is typical of 
paramagnetic minerals (phlogopite and ilmenite) c) - 
d) the homogeneous decrease of susceptibility during 
heating (paramagnetic minerals) is interrupted by a 
bump at 570o (To Curie of magnetite) suggesting a 
ferromagnetic contribution. Sample represented in the 
figure a has the lowest susceptibility detected in the 
intrusion (Kbulk = 1.5 * 10-4) and the sample in d has 
the highest value found (Kbulk = 1.6 * 10-3).  The 
sample represented in b and c have intermediate 
values (in order Kbulk = 5 * 10-4 and 1*10-3 ).
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Kbulk < 5 x 10-4 [SI] (typical paramagnetic values) show a gradual decrease of susceptibility 
during heating 
typical of paramagnetic minerals (Fig.5.a-b) . The cooling curve is characterised by  the 
increase of susceptibility that does not follow the same path of the heating curve (Fig.5.a-b; 
probably due to the presence of oxidation products). 
Experiments on lamproite samples with Kbulk > 5 x 10-4 [SI] (values where the relative 
contribution of paramagnetic and ferromagnetic minerals has to be evaluated) show a gradual 
decrease of magnetic susceptibility during the heating (paramagnetic) and a strong bump 
(Fig.5.c-d), as a consequence of an abrupt decrease of susceptibility, at 575o (T° Curie of 
magnetite). The cooling curve follows almost completely the path of the heating one. This 
pattern suggests the presence of paramagnetic minerals (phologopite and ilmenite) as main 
magnetic carrier with a strong contribution of ferromagnetic minerals (magnetite).
4.4) AMS results
4.4.1) Scalar parameters: Pj and T
The shape of the magnetic ellipsoid has been investigated using a graphic where the shape 
anisotropy (T) has been plotted versus the anisotropy degree (Pj) (Fig.6). 
Pj is very low and quite homogeneous in all the intrusion: 39 samples have values between 
1.003 and 1.017 while one sample is slightly higher (1.027). 
In the feeder dike the shape parameter is 
mainly prolate (-0.4) while in the northern 
termination where the dike connects to 
the main sill and widens it is from triaxial 
to oblate (0.1 ÷ 0.6). In the connecting 
zone T is quite variable and changes from 
+ 0.4 to -0.5.
Into the main sill, shape anisotropy is 
variable between quite negative values 
(-0.55) and strongly positive ones (+0.74) 
but it is possible to define three main zone 
(Fig.7.b): 
Figure 6 - T (shape anisotropy) vs Pj (anisotropy 
degree) plot (Jelinek, 1981) showing that the feeder 
dike is mainly characterised by constriction (triaxial-
prolate T) while the main body show many samples 
characterised by flattening (oblate T).
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a) the potential extension of the feeder dike toward NW under the sill complex,  showing 
triaxial and prolate values; 
b) the central part of the main sill where the the  exposures of the upper contact  are 
characterised by oblate values (> 0.3);  
c) the lower part of the intrusion has two parallel belt: the samples closer to the southern 
contact have T > 0.6  while the inner samples are triaxial. 
In the northern termination of the intrusion there are two isolated samples: the eastern one is 
prolate while the western one is oblate.
4.4.2) Directional parameters 
Main sill  (Fig.7.a-c-d)
Along the potential extension of the dike inside the main body the magmatic foliation is 
generally  sub-vertical while the lineation is more variable from sub-vertical (OS2) to sub-
horizontal (OS30). 
In the central part  of the intrusion where the samples are close to the undulated roof the 
foliation is sub-parallel to the upper contact and the lineation is generally oblique and has two 
main perpendicular bearings: NW-SE,  and NE-SW.
In the southern portion of the intrusion the foliation dips steeply toward the southern (lateral) 
contact. The samples close to the lower contact (OS33 and OS34) are parallel to the contact 
and the lineation plunges slightly toward east.
Dike (Fig.8) 
The collection of samples from both the walls and from the core of the dike to evaluate the 
possible imbrication was not  possible in the Orciatico dike due to the lack of suitable 
outcrops. The dike walls are assumed to be sub-vertical although they are not clearly  visible. 
Magnetic foliation is sub-vertical and generally is subparallel with respect to the dike walls in 
the southern part of the dike while in the northern part, close to the connection zone, the 
foliation is less steep. Lineation is subparallel to the elongation of the dike but the plunge is 
variable because at  the southern termination it is sub-horizontal, it  is vertical in the central 
part and oblique (with decreasing plunge) toward the connecting zone.
Connecting zone (Fig.9) 
In the zone that connects the dike with the main sill, the fabric changes attitude and lineation 
become perpendicular to dike elongation and walls. Where magma moves between the 
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eastern vertical wall and a stoped block the fabric is parallel to them and in particular 
lineation is parallel to the dike elongation. Where magma moves between two roof pendants 
with oblique walls the fabric is sub-parallel to the walls in samples close to them (< 1 m). In 
Figure 7 - Orciatico intrusion maps showing: a) the stations investigated for AMS the three principal axes, plotted 
stereographically for all samples in the main body. Violet circles = K3 (minimum susceptibility), green triangles = 
K2 (intermediate susceptibility), blue squares = K1 (the maximum susceptibility). b) the shape anisotropy values 
for each station in the main body ; c) foliation data for the main body. Samples with e3 > 25o have been discarded 
(where en are the semi-angles of the confidence ellipses around the mean site principal direction)  ; d) lineation 
data for the main body. Samples with e1 > 25o have been discarded
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the portion > 1 m from the pendant 
walls the foliation is sub-perpendicular with respect  to the pendants and lineation is parallel 
respect to them but orthogonal with respect to the lineation closer to pendants.
5) DISCUSSION
5.1) Magma emplacement: fabric constraint
5.1.1) Vesicle origin
The use of the vesicles as strain markers deformed by magma flow relies upon some 
important  assumptions regarding their origin. In fact the stretching of vesicles during magma 
flow seems to be the most reasonable explanation for the geometry of vesicles in the 
magmatic rocks described here but other possible causes of elongate vesicles, especially in 
dikes, might include tectonically induced plastic deformation and elongation through 
processes in a static magma during crystallisation. A tectonic cause can easily be ruled out by 
Figure 8 - Simplified geological maps of the southern part of 
the feeder dike showing the stations investigated for AMS, the 
stereonets for each station (Violet circles = K3; green 
triangles = K2; blue squares = K1), the magnetic foliation 
(black T)  and lineation (black arrows) and the vesicle 
foliation (blue T) and vesicle lineation (blue arrows)
Figure 9 - Connection zone: 
a) AMS stereonet; 
b) foliation: AMS (black); vesicle (blue) 
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the complete lack of crystal-plastic deformation. Purely magmatic processes can produce 
highly  elongate vesicles (pipe vesicles) in some mafic melts. It has been suggested that pipe 
vesicles are formed due to buoyant ascent of gas through the magma which, alone, cannot 
account for the common occurrence of sub-horizontal vesicles in the Orciatico  main sill. 
Extending this latter model to the subvertical dike of the Orciatico intrusion, we would expect 
horizontal pipe vesicles to form perpendicular to the dike margins as they cooled inward and 
not subparallel to their margins as it is observed. 
Further evidence linking elongate vesicles with magma flow is found by patterns of vesicles 
that are deflected around the stoped blocks in the connection zone. Obviously, lineations 
near such irregular surfaces do not represent the overall magma flow direction in a dike.
5.1.2) Comparison between AMS and vesicles measurements
Both AMS sampling and vesicles 
measurement has been done in 13 
stations. A very good agreement 
between AMS data and vesicles 
measurements is observed (Table.
2). Magnetic foliation is within 
less than 30° from the the 
flattening plane of the vesicles in 
10/12 (83%) (Table.2.a)  of the 
stations and magnetic lineation is 
within less than 30° from the the 
elongation direction of the vesicles in 8/9 (86%). (Table.2.b). Despite this discrepancy  the 
general good agreement suggests that the AMS reflects a flow-related petrofabric and that 
magnetite, ilmenite and phlogopite (the main magnetic carriers) are magmatic and their 
shape-preferred orientation  is   a consequence of the strain in the magma during the flow.
5.1.3) Interpretation of the fabric attitude
Considering the parallelism between the vesicles and AMS attitude, the differentiation 
between magnetic fabric and vesicles attitude is not necessary and the discussion of the data 
will be done together. The very  low degree of magnetic anisotropy agrees with the values 
Table 2  
Angle between magnetic data and vesicle measurements.
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found in basaltic-andesitic shallow intrusive rocks (Callot et al., 2001; Gil-maz et al., 2006) 
where magnetite is the main carrier of the magnetic signal and AMS is controlled by the 
shape of grains: since in Orciatico rocks the carrier of magnetic fabric is mainly 
paramagnetic, this is an evidence that Pj does not directly reflect the typology of anisotropy 
(shape or crystalline) and more generally the presence of magnetite or paramagnetic minerals.
The correlation of the shape parameter, magnetic fabric orientation, shape and orientation of 
the vesicles defines a precise pattern both in the dike and in the main body.
Magnetic lineation in the dyke can be considered parallel to magma flow (Rochette et al., 
1991) whereas the carrier of magnetic signal is not SD magnetite or tourmaline (inversion of 
K1 and K3) (Rochette et al., 1992). In this case, with the main magma trap well constrained, 
the flow direction toward north feeding the intrusion is assumed also if the lack of imbricated 
fabric adjacent to the margins (Philpotts and Philpotts, 2007) cannot confirm completely this 
hypothesis and we cannot discard totally an outward flow (late) of the magma from the main 
sill into the dike. However the hypothesis is that sub-vertical lineation in the central part of 
the dike can be explained with a magma ascent in the this part, followed by a bi-lateral 
horizontal magma movement toward both the present dike termination (flow arrested after a 
few tens of metres) and the present intrusion (flow feeding the main  sill). Shape anisotropy 
and anisotropy degree values but also the strong elongation of the vesicles testify that 
constriction and shearing are quite strong (Femenias et al., 2004).
The eastern part of the main sill is characterised by samples with triaxial and prolate ellipsoid 
sand sub-vertical fabric (Fig.7.b-c-d). This fact can be interpreted as evidence of the NW 
continuation of the feeder dyke under the sill complex  confirming the hypothesis of Stefanini 
(1934). 
In the connecting zone the magnetic fabric is quite variable (Fig.9). The southern samples are 
located where the dike is connecting with the main body and the fabric is perpendicular to 
flow.  Where the magma flows between the lateral wall and the sub-vertical block wall, the 
assumption is that fabric is parallel to the flow (as in the dike) since it is constricted between 
two obstacles that guide it. Where magma flows between the two roof pendants  the flow is 
guided by the pendants close to them while in the middle the flow is independent and 
continue directed toward north. In general the variation of orientation of the fabric but also 
the variability of T can be explained with the interference created by the blocks and the 
pendants but also with the opening of the dike that lead to local changes of direction and 
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velocity  of the magma with consequent changes from constriction to divergence. Also the 
vesicle distribution and orientation in the connection zone appear to freeze with the blocks 
the direction followed by the flow of magma. These relationships indicate flow divergence 
around the obstructions, so obviously  lineations in the vicinity of such irregularities do not 
represent the overall magma flow direction in the zone. The relatively narrow channels where 
the vesicles have been described help to make reliable this interpretation, because vesicle 
elongations and AMS measured near contacts are thought (e.g. Varga et al., 1998) to reflect 
more accurately magma emplacement directions during magma bodies propagation and 
growth. 
In the central part of the main sill (Fig.7.c-d), the parallelism between fabric and the upper 
contact can be explained in two different ways: a) inflation of the body with propagation of 
magma perpendicular with respect to the roof with flattening of fabric against  it; b) lateral 
flow (parallel to the roof) of the magma following (and causing) the undulation. The positive 
value of T of the samples (Fig.7.b) as well the flattened shape of the vesicles support the first 
hypothesis giving an important constrain to the interpretation of the growth mechanism of the 
body. Also the presence in the southern portion of samples with steep foliation dipping 
outward as well the presence of strongly oblate fabric very close to the contact are coherent 
with the flattening processes against the outer wall caused by inflation.
The samples close to the lower contact (Fig.7.c-d) show lineations that are sub-orthogonal  to 
the general trend of the feeder dike, and low plunges eastward while the foliation is sub-
parallel  to the lower contact. The lineation has been interpreted as parallel to the magma 
flow as a consequence of the shear on the basal contact: this process is supported by the 
strong elongation of the vesicles while the shape parameter is triaxial (Fig.7.b). This 
observation is important because it points out that  the shape of vesicles deforming in accord 
to the strain in the magma record flattening and/or constriction processes in magmas better 
than the AMS shape parameter.
In general the emplacement mechanism could be summarised in 4 main steps (Fig.10):
1) magma ascent controlled by the NNW-SSE trending faults related to the post-tectonic 
extensional regime at ca. 4.1 Ma (Borsi et al., 1967)
2) magma initially started to asymmetrically  emplace, uphill on the south-western side of the 
feeder dike. 
3) inflation of the main sill creating slightly convex-up and strongly undulated roof 
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4) expansion of a northward thin sill by downhill magma emplacement at the north-eastern 
side of the feeder dike.
a b c
5.2) Magma emplacement: geometric constraints
5.2.1) Emplacement level 
To calculate a realistic emplacement depth we have made some initial assumption: a) 
emplacement time of the intrusion 4.1 Ma (Borsi et al., 1967); b) Pliocene (5.3-1.8 Ma) is 
characterised by sedimentation; c) Quaternary (1.8 Ma - today) is characterised by erosion; 
d) the erosion rate in Tuscany is 100m/Ma (Branca and Voltaggio, 1993); e) the thickness of 
the pliocenic sediments under the intrusion is 20 m; f) the thickness of the sediments 
currently present above the intrusion is considered to be 5 m. 
Since above the laccolith is present only a small quantity of sediments (~ 0 - 5 m) we can 
assume that all the sediments above the intrusion has been removed during the Quaternary. 
Assuming the average erosion rate in Tuscany has been constant for the last 1.8 Ma (Branca 
and Voltaggio, 1993), the eroded sediments above the body  has been estimated to be 180 m. 
This value represents the sum of sediments present above the intrusion at the time of 
emplacement added to the bulk of the materials sedimented in other 2.3 Ma of sedimentation. 
To calculate an average sedimentation rate it is necessary  to know the total quantity of 
sediments accumulated in the Pliocene that are 180 m (the sediments removed above the 
intrusion) added with the sediments under the intrusion (20 m) for a total of 200 m. We can 
evaluate an average sedimentation rate that is 200 m / 3.5 Ma = 60 m/Ma. To evaluate the 
Figure 10 - Emplacement model:  a) sill-stage: expansion of a sub-horizontal  sheet feeded laterally from east; 
b) laccolith-stage: inflation of the intrusion; c) expansion of a thin sill toward north-east
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thickness of the sediments at the time of intrusion we have multiplied the sedimentation rate 
60 m/Ma by 1.2 Ma (Beginning Pliocene-Intrusion age) = 70 m. Subtracting from this 70 m 
the 20 m under the intrusion we can assume an emplacement depth of ~ 50 m.
It is necessary to point out that  the intrusion emplaced on the border of the Volterra basin, a 
fact that implies that the sedimentation has been much lower than the central part of the basin 
where the thickness of the Pliocene sediments is > 1000 m. 
Another important fact  is that the emplacement of the intrusion was not followed by  tectonic 
or tilting events. The intrusive sheets dip eastward (10-30o) and this feature can be explained 
with the fact that on the border of the sedimentary basin the strata of sediments had an 
original inclination toward east and the magma followed the attitude of the  bedding.  
The asymmetrical geometry of the intrusion with a thicker (~ 20-50 m) and shorter (~ 300 m) 
western main body and a thinner (~ 5 m) and longer (~ 500 m) north-eastern sill could be 
explained with the fact that the magma with a strong driving pressure firstly spread laterally 
uphill, following the inclined sedimentary  and, after that, continued to fill and inflate the 
eastern part. After that i) the inflation in the western part  probably  contributed to lower the 
pressure in the north-eastern margin of the dyke leading to the downhill formation of a thin 
sill which expansion could have been enhanced by the gravity force due to the inclination of 
the floor or ii) the magma was not  able anymore to flow westward creating an overpressure in 
the eastern border of the dike with formation of a fracture eastward followed by the 
expansion of a sill downhill. The incompetent lithology of the original country rock (Pliocene 
clays) may have played the role of a crustal weakness (Roman-Berdiel et al., 1995) favouring 
the lateral spreading of the magma that, at its emplacement level, had sufficient residual 
driving pressure to exceed the vertical stress and to lift  the overburden, so that the change 
from vertical to horizontal magma movement was not exclusively controlled by reaching the 
neutral buoyancy level (Rocchi et al., 2002). 
The generation of space through the lift of the overburden is the most plausible candidate, 
mainly because of (a) the relatively  shallow depth calculated for the emplacement of the body 
(about 50 m), which reduces the amount of magma pressure needed to counteract the constant 
weight of the overburden per unit horizontal area; and (b) the stratification in surrounding 
and overlying metasedimentary host rocks parallel to the contacts in at least five widely 
distributed localities, being strongly deflected from their regional orientations to become the 
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roof-rocks. Thus, the deflection and uplift  of host-rock bedding close to contacts gives us a 
definitive insight into the inflation style.
5.2.2) Emplacement timing
A dimensional study  of the intrusion can be important for a better understanding of the 
dynamics of emplacement. To give an estimation of the volume of magma emplaced, it  has 
been assumed a sill-like geometry  for the main body with a basal plan with an intermedium 
shape between an ellipse and a rectangle with maximum length (Lmax) about 600 m and 
minimum length (Lmin) about 300 m. The assumed average thickness (T ~ 30 m) has been 
calculated from cross section fitting the undulated top with a straight plane parallel to the 
bottom. Similar assumptions has been done to calculate the volume of magma of the thin sill 
extending northward with Lmax = 300 m, Lmin = 100 m and T=5 m. The used formula is:  
V= (((Lmax*Lmin) + (((Lmax/2)*(Lmin/2)*π))/2))*T)
For the main body the calculate volume is 4.8 x 106 m3 (0.0048 Km3) and for the thin sill is 
0.22 x 106 m3 (0.0002 Km3) for a total 
volume of emplaced magma of 5 x 106 
m3 (0.005 Km3).
The regression line IS was calculated in 
the past (Caravantes et  al., 2008; Gómez-
Izquierdo et al., 2008) taking into 
account the power law for laccoliths 
published years ago (McCaffrey and 
Petford, 1997; Cruden and McCaffrey, 
2001). However, more detailed new 
studies on laccolith data (McCaffrey and 
Cruden, 2002) have provided different 
values (slope, a = 1.52 +/- 0.31; Intercept, 
b = 0.1 +/- 0.07) that lead to a better 
description of the scaling. This result  is 
plotted in Figure 11 and compared with 
results from elsewhere.  The dimensions of 
Figure 11 - Logarithmic plot showing the dimensional 
parameters - thickness (T) vs. length (L) - of the 
Orciatico laccolith compared to those of Elba Island 
individual laccolithic layers. The Orciatico laccolith 
coincides with the general fit line for laccoliths 
(Cruden and McCaffrey 2002, McCaffrey and Cruden 
2002) while the fit line for Elba laccolith layers has 
been interpreted as representative of a frozen growth 
stage (Rocchi et al., 2002).
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the Orciatico intrusion accurately correspond to that of other laccoliths represented by  the fit 
line arising from their statistical analysis. For comparison we have also plotted the 
dimensions of the individual laccolith layers from Elba Island that can be defined by  a fit  line 
representing a frozen growth stage.
To approximate the length of time necessary for the emplacement of the Orciatico intrusion, 
we must know both the total volume (V) of the intrusion (0.005 km3)  as well as its rate of 
filling (Q). This rate has been suggested (Cruden, 1998)to be comparable to the volumetric 
flow rate in the feeder dike (Petford et al., 1996):
   (2)
where Δρ is the density difference between the upper crust and the lamproitic magma, µ is 
magma viscosity, g is gravitational acceleration, a is the dike width and b its length. 
• ρHost = 2.4 · 103 kg/m3; it has been assumed a value lower than the assumed value for the 
Tuscany continental crust (ρCrust = 2.65 · 103 kg/m3; Peccerillo and Panza, 1999) because in 
the higher part of its path, the magma goes through rocks with lower density (ρlimestone < 2.6 
x 103 kg/m3 (Giannecchini, personal comm.) or also through compacted sediments with 
density < 2.2 103 kg/m3 (Giannecchini, personal comm.)
• ρLamp = 2.19 · 103 to 2.40 · 103 kg/m3; the density  of the lamproite has been estimated with 
the Niu and Batiza (1991) formula as a function of the temperature (1000o < T < 1200o) and 
of the H2O content (2, 3, 4, 5%).
• µLamp = 16 to 1196 (Pa s); the viscosity of the lamproite has been estimated using the 
method of Giordano et  al. (2008). The viscosity is a function of the temperature (1000o < T 
< 1200o) and of the H2O content (2, 3, 4, 5%). 
• a: the effective length of the dike feeding the intrusion is assumed as the part of the dike 
bordering the intrusion at SE and cutting it in the northern part (length = 600 m = a);
• w: it has been chosen an average value from those measured in the field (i.e. 5 m). 
Q provides an estimation of the filling rate of the laccolith and consequently, a rough 
calculation of the time (t) for the intrusion to take place. 
Taken the figures mentioned earlier, the rate of filling Q would give us possible flow rates 
from 5 m3 s-1 to 772 · 103 m3 s-1. If we consider then equation (3), 
t = V/Q   (3)
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where t is the lapse of time necessary for the filling of the laccolith, Q is its rate of filling and 
V its volume; that corresponds to laccolith filling times ranging from 6 seconds to 11 days 
(Fig.12; Table 3).
In particular the maximum estimated times are linked to low volumetric rates due to low 
temperature (1000o) and low H2O content (2%). The maximum estimated time (11 days) is 
associated to a very low density of the rocks crossed by  the magma with a ∆ρ -> 0. Except 
for this value, all the other estimated filling times are less than 1 hour (Fig.12; Table 3). The 
error that all the assumptions can cause are inherent to (i) our limited knowledge of the 
geometry of the dike (ii), the uniformity (both spatially and temporally) of the magma flow 
running through it (iii), the rheological variability of the rocks crossed by the magma during 
the ascent. All these factors can lead to an underestimation of the time required to fill the 
body. 
Table 3. 
Calculation of filling rate and time 
as a function of the temperature 
and water content of the magma. 
V (Volume of emplaced magma) = 
5 x 106 m3; w (average dike 
width) = 5 m; L (efficient dike 
length) = 600 m; g (gravity 
acceleration) = 9.8 m/s2; r host 
(assumed average density of the 
rocks crossed by magma in the 
uppest levels) = 2400 kg/m3; ∆ r = 
rhost-rmagma 
Figure 12. 
Graphic showing the variation 
of the filling time of the 
intrusion as a function of the 
magma temperature and H2O 
content (see text and table 4 
for details).  
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6. CONCLUSIONS
The comprehensive study of geometric and structural features of the Orciatico igneous body 
has provided constraints on the behaviour of magma during its emplacement. 
The joint use of AMS data and vesicle measurements confirms that the magnetic fabric 
reflects a magmatic petrofabric and, as a consequence, magma displacement paths. 
The collected data confirms the continuity of the dike bordering the eastern portion of the 
main  sill and the structural continuity between the sub-vertical feeder dike and the NNW-
SSE border fault of the graben. 
In general, the emplacement mechanism started with rapid magma ascent (due to the low 
viscosity  and low density  of the magma) controlled by the NNW-SSE trending faults related 
to the post-tectonic extensional regime at ca. 4.1 Ma. The magma shifted from a vertical 
propagation to a sub-horizontal propagation upon  encountering the incompetent lithology  of 
the Pliocene clays  at a very low depth (~ 50 m) that may have played the role of a crustal 
discontinuity  (Roman-Berdiel et al., 1995). The magma did not reach the neutral buoyancy 
level because it had still sufficient residual driving pressure to exceed the vertical stress and 
to lift the overburden with an inflation process of the former emplaced sill (testified by the 
presence of flattened fabric against the upper and lateral contacts). After that, the inflation in 
the western part has probably contributed to lower the pressure in the north-eastern margin 
leading to the formation of a thin sill propagating northward. 
The calculated filling times are quite short (< 11 days) but these estimates are poorly 
constrained due to the many assumptions (T magma, H2O content, r host, etc.). However it is 
realistic to think that the volumetric flow rate has been quite high favoured by the low 
viscosity and low density calculated for this types of magmas.
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Chapter 7: Conclusions
The aim of this study has been to contribute to the understanding of feeding and growth 
mechanisms of shallow-level intrusions (less than 3-4 km deep) through the study of the 
emplacement dynamics of some well exposed intrusive bodies within the Miocene-
Quaternary Tuscan Magmatic Province represented by the felsic San Martino and 
Portoferraio laccoliths (central and western Elba Island) and the lamproitic laccolith/sill of 
Orciatico in mainland Tuscany. The selected igneous bodies have been chosen because they 
offer the chance to study  internal structures that are undoubtedly magmatic due to the shallow 
depth of emplacement (<2 km)   and for the absence of post-emplacement ductile tectonic 
overprint. 
In particular, the study of the internal fabric has been done on San Martino and Orciatico 
intrusions where the use of AMS data has been cross-checked with field measurement of the 
attitude of K-feldspar megacrysts (San Martino laccolith) and vesicles (Orciatico laccolith), 
while the the study of the contact features has been performed on the San Martino and 
Portoferraio laccoliths for the different rocks hosting the intrusions (ophiolites, argillites, 
sandstones, carbonates). 
The main results of this work have been here summarized:
★ the AMS investigation of San Martino laccolith has confirmed the presence of a 
central dike feeding the main body  with lateral spreading of the magma as a single 
propagating and inflating pulse where the particles arrange perpendicular with respect 
to the magma displacement direction. In the portions closest to the feeding zone the 
velocity  of the propagating magma is higher in the core while in the portions at  greater 
distance the magma velocity is higher in the lower parts. The absence of magmatic 
layering, internal magmatic contacts and/or internal shear zones agrees with the 
hypothesis of continuous feeding of the magma injected as a single pulse or as a series 
of pulses lobes that coalesced confirming the fast emplacement of the body  because the 
time-gap  between pulses had to be short enough to allow the solidification of the 
younger ones.  The AMS data has also shown a quite general sub-vertical flow in the 
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feeder dikes, pointed out by  symmetrical imbrications, and the presence of sin-
magmatic tectonic shear of the dike walls testified by asymmetrical fabrics.
★ this AMS study on San Martino dikes constitutes, to the best of our knowledge, one of 
the first attempts to retrieve magma flow by means of AMS in silicic dikes  and in 
particular the first  paper regarding the flow in silicic dykes deeper than 2 km because 
Aubourg et al. (2002) and Poland et al. (2004) studied magma flow in very  shallow (< 1 
km) sub-volcanic rhyolitic dikes. This study evidences the difficulty  to study  the 
magma flow in silicic dykes with a very high crystals content and (consequently) very 
high viscosity.
★ the collected AMS data of Orciatico intrusion has confirmed the continuity of the dike 
bordering the eastern portion of the main body and the structural continuity between the 
subvertical feeding dike and the NNW-SSE border fault of the graben. In general, the 
emplacement mechanism started with a quite fast magma ascent (due to the low 
viscosity  and low density  of the magma) controlled by  the NNW-SSE trending faults 
related to the post-tectonic extensional regime at ca. 4.1 Ma. The magma shifted from a 
vertical propagation to sub-horizontal propagation upon encountering the incompetent 
lithology of the Pliocene clays  at a very shallow depth (~ 50 m) that can have played 
the role of a crustal weakness (Roman-Berdiel et  al., 1995). The magma did not 
reachethe neutral buoyancy level because it had still sufficient residual driving pressure 
to exceed the vertical stress and to lift the overburden with an inflation process of the 
former emplaced sill. After that, the inflation in the western part probably contributed 
to lower the pressure in the north-eastern margin leading to the formation of a thin sill 
propagating northward. 
★ folding morphology  (waves, lobes, ropes) at San Martino and Portoferraio laccolith 
have been interpreted as different stages of a progressive evolution in which magma is 
slowing down and it  is pushed by a faster magma in the rear with consequent 
compression and formation of folds. Solid state stretching lineations are due to the 
brittle stretching of quartz and feldspar phenocrysts and their sub-parallelism with 
magnetic lineations suggest  that they are flow-related. Moreover, these linear features 
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occur on wave surfaces and are oriented perpendicular to wave crests, independent of 
the regularity  of wave patterns. This geometrical correlation puts a strong constraint on 
their genesis model and also on the emplacement model of the magma. These features 
may form at very late stages of the emplacement process (and their formation could be 
followed by the halt of the system) or may  form at earlier stages at the end of the sill-
expansion stage of the system (and could be followed by  the inflation of the system). In 
both interpretations the “sine-qua-non” conditions are: i) the small temporal gap 
between stretching lineations and waves formation and ii) the transition between a 
stretching regime (during the propagation of the magma) and a compressive regime (for 
slowing down of the magma). According to these interpretations both stretching 
lineations and waves can be considered good flow indicators but on a very local scale.
★ disruption structures (breccias and breccia dikes) at the San Martino and Portoferraio 
laccolith contacts suggest the loss of cohesion of the host material and in particular the 
development of a condition in which two fluids of differing viscosity are in contact. 
The absence of pore fluids in the laccolith host rocks excludes fluidization s.s. 
processes as described by Kokelaar, (1982) and XRD analyses have shown that also the 
dehydration of minerals cannot be a main process responsible for the high quantity  of 
fluids needed. It  is therefore plausible that magmatic fluids exsolved at late stage of 
emplacement process are responsible of such structures 
★ since the San Martino rocks are particularly weathered and altered, the comparison 
between AMS and megacrysts attitude has been particularly  important to understand 
that the magnetic signal has not been modified by the late-emplacement hydrothermal 
processes. Moreover the strong relationship between magnetic and magmatic fabric 
have shown that both are reliable flow markers
★ despite different dimensions, compositions, emplacement depth and position of the 
feeder dikes, the main growth modality is quite similar. Not evidences of emplacement 
of successive sheets, as seen in the Henry Mountains (Utah), has been observed.
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